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Kurzfassung 
 
 
 
 
 
 
 
Die Kultivierung von Mikroorganismen bildet die Grundlage all biologischer  Forschungen 
und verläuft grundsätzlich in wässrigen Kulturmedien. Folglich wird fortwährend nach 
besseren Kultivierungstechniken gesucht. Daher ist die kontinuierliche Fermentationstechnik 
eine wichtige Möglichkeit für den Fortschritt in der modernen Fermentationstechnologie. 
Aufgrund der gleich bleibenden Konzentrationen im Bioreaktor können die Bestimmung der 
tatsächlichen Nährstoffbedürfnisse und die Aufklärung der Regulationsmechanismen der 
Mikroorganismen nur mit Hilfe einer kontinuierlichen Fermentation mit zureichender 
Genauigkeit untersucht werden. Damit wird es möglich, die wichtigen Zusammenhänge 
zwischen Wachstum, Kulturmedium, und Umgebungsbedingungen aufzuklären (Calcott 
1981). Zudem wird bei der kontinuierlichen Betriebsweise das Wachstum der 
Mikroorganismen durch die Verfügbarkeit einer limitierenden Komponente im Nährmedium 
bestimmt. 
 
Trotz dieser viel versprechenden Möglichkeiten sind kontinuierliche Prozessführungen in der 
Forschung und industriellen Praxis bisher wenig verbreitet. Dies liegt vor allem daran, dass 
die komplizierte Apparatur, eine aufwendige Messtechnik und das große Arbeitsvolumen die 
kontinuierliche Fermentation im Labormaßstab sehr aufwendig und teuer machen. 
 
Diese Arbeit stellt die Entwicklung und Charakterisierung eines neuen kontinuierlichen, 
parallel geschüttelten Bioreaktorsystems in kleinem Maßstab vor. Neue Technik basiert auf 
die Schütteltechnologie und vereint die Vorteile der kontinuierlichen Fermentation mit den 
Vorzügen der Schüttelkolben welche kostengünstig und leicht  zu  handhaben  sind. 
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Abstract 
 
 
 
 
 
 
 
Microbiological research is mostly based on cultivation of microorganisms. Continuous-flow 
culture systems compared to batch operation offers the advantages of constant environmental 
conditions for biological reactions which can be highly sensitive to process variations (Calcott 
1981). Another significant advantage of continuous culture is that the rate of dilution controls 
the rate of microbial growth via the concentration of the growth-limiting nutrient in the 
medium. 
 
Despite a large number of advantages and many application possibilities, the conventional 
continuous-flow culture systems are due to their complex set up and large working volume 
inappropriate for a wide application in the academic disciplines. Therefore, limited knowledge 
and experience about the continuous-flow cultivation of biological systems set also a 
significant barrier to use of this technique in industrial applications. Focusing on the 
operational attractiveness and widespread usage of shaking technology in a number of 
academic and industrial disciplines, a novel continuous-flow parallel shaken bioreactor 
system based on shaking technology, exploiting the advantages of shake flasks of easy 
handling, a parallel applicability, and reduction of overall expenses was investigated. 
 
This dissertation describes the principle and the mechanical design of the continuous-flow 
parallel shaken bioreactor system, as well as the experiments conducted for the technical 
characterization and biological validation of the novel system. 
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       General Introduction 
 
 
 
 
 
 
1.1   Background 
 
Every sector of industry is supported by research and development groups and new processes, 
respectively products, are always underway. In recent years, the applications of microbiology 
became so broad that many sectors, i.e. pharmaceuticals, diagnostics, textiles, aquaculture, 
forestry, chemicals, household products, environmental cleanup, food processing and 
forensics, are virtually using this technology. It has particularly been strengthened by the 
contribution of the multidisciplinary applications of biochemistry, physiology and genetics, as 
well as engineering disciplines. Microbial processes, not only in academic research but also in 
industry, are based on cultivation of microorganisms and mostly carried out in a liquid culture 
broth. Typical growth pattern of microorganisms in liquid culture show a slow initial phase 
(lag phase) followed by a fast exponential phase (log phase), and then a stationary phase 
where no growth occurs due to nutrient limitations (Monod 1949; Contois 1959). These 
phases are characterized by variations in growth rate and referred to as the growth cycle. 
However, this progression of phases is not an inherent property of the microorganism but a 
result of its interaction with the physicochemical environment in which it is growing (Tempest 
1969; Hoskisson&Hobbs 2005). A number of factors including nutrient contents (water, 
energy sources, vitamins, minerals…), product and by-product concentration, osmotic 
pressure, hydrostatic pressure, pH, dissolved oxygen, oxidation-reduction potential, viscosity, 
biological structure and antimicrobial constituents affect the survival and the growth of 
microorganisms in a culture (Fraleigh et al. 1989). 
 
During the last five decades numerous microbial kinetic models describing microbial growth 
in a culture have been represented. The simplest kind of microbial models contain only 
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substrate, biomass and metabolic products and use “Monod” growth kinetics. Despite the 
simplicity, this model includes the most fundamental features of microbial growth. For 
example, the biomass concentration and microbial production is proportional to the existence 
of an upper limit for the growth rate. Although the “Monod`s model” has been many times 
modified, the characteristics of extended models have still neither the comprehensive 
recognition of any internal structure of the cell nor the morphology of the cell culture 
(Fredrickson et al. 1970; Goldman&McCarthy 1978). Due to the adaptation ability of 
microorganisms to environmental conditions and the dynamic behaviors of metabolites, the 
response of microorganisms to any change in culture condition may involve the induction and 
repression of enzymes and influence the direction of metabolism of microbial cells. This leads 
to the difficulty in obtaining reproducible and reliable data from microbial experiments, and 
aggravates the interpretations of the results. Therefore, it is very important to keep the 
operating variables and the physicochemical properties of a culture system under well-defined 
conditions. In order to study the growth kinetics and microbial production most accurately, 
the development of more sophisticated culture techniques is an ongoing activity. 
 
The operational simplicity and the low coast of batch culture make it, among others, the 
mostly used culture technique. Although the batch culture is, a closed system in which there is 
no input or output of materials except for gas exchange, it exhibits, however, a rich spectrum 
of dynamics associated with microbial growth in culture vessels. Concentrations of biomass, 
substrates, products, reactants, osmotic pressure and redox potentials in culture vessel change 
over time constantly, and pH varies (Kubitschek 1970; Villadsen&Nielsen 1990). This 
inconsistency questions the use of batch culture as a reliable technique, particularly for 
determination of metabolic pathways describing dynamic behaviors of microorganism and 
their metabolites.  
 
Keeping the growth of microorganisms and concentration of chemical components in 
dynamic equilibrium, continuous-flow systems, as another culture technique, offer a number 
of advantages over the traditional batch system. In a continuous-flow culture, the 
physiochemical environment of microorganisms is well controlled and defined under steady-
state conditions. The principal advantage of continuous-flow culture is that the rate of dilution 
controls the rate of microbial growth via the concentration of the growth-limiting nutrient in 
the medium. Therefore, the cause/effect relationships are more accurately determined in a 
continuous culture than in batch cultures and the data obtained are generally more reliable and 
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reproducible (Sipkema et al. 1998). Kinetics of growth and product formation, metabolites 
profiles, as well as the general requirements of microorganisms can be determined with more 
accuracy (Fiechter et al. 1994). Continuous-flow culture technique can also provide 
determining specific characteristics that are difficult to observe with non-continuous 
techniques. I.e., pulse and medium shift experiments (Fiechter et al. 1981, Zhang&Greasham 
1999) and accelerostat operation (Paalme et al. 1995) in continuous-flow culture can be used 
for the preparation and the optimization of the chemical defined-media to which an organism 
is exposed. In addition, the determination of metabolic fluxes in vivo and subsequent 
metabolic flux analysis are best conducted under dynamic equilibrium conditions. The 
dynamic nature of metabolic networks requires the application of continuous-flow culture, in 
which steady-state growth can be disturbed, and the influence of a single medium component 
assessed while all other factors remain constant. Therefore, any development in continuous-
flow culture system will have a significant potential for progress in modern fermentation 
technology. 
 
 
 
1.2   Continuous-Flow Cultivation 
 
 
1.2.1   Overview of the Continuous-Flow Cultivation 
 
The concept of continuous-flow cultivation began to develop soon after 1920 in practice when 
a continuous process for the conversion of waste beers and wines to vinegar made a progress 
(Panikov 1995). However, the invention of this technique is mostly confused in literature with 
the development of chemostat, which is only a type of operation in continuous-flow 
cultivation, and addressed to the assembling of simple apparatuses used by Monod (1950) and 
Novick&Szilard (1950). Monod (from Pasteur Institute in Paris) designed a simple apparatus 
known as “Bactogene” to produce bacterial vaccine continuously and to investigate the 
relationship between specific growth rate of a microbial population and the substrate 
concentration in a continuous-flow culture (Figure 1.1a), while Novick and Szilard 
(University of Chicago) were simultaneously studying the tryptophane-limited growth of an 
auxotrophic strain of E.coli in a device termed as “Chemostat” to analyse the principle of 
chemostat theory (Figure 1.1b). Both research groups used fundamentally the same cultivation 
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technique in which fresh medium was dropped into the growth tubes continuously and the 
volume of culture liquid stirred by bubbling air was kept constant through the overflow of  
 
excess fermentation broth to operate in a steady-state growth condition. In practice, 
“Chemostat” apparatus of Nowick and Szilard was more complicated with various 
attachments for aeration of the medium and for prevention of contamination than Monod`s. 
The rate of overflow was controlled by a pressure regulator, in contrast to self-flow 
mechanism in “Bactogene”. 
 
 
 
Figure 1.1:  Schematic configurations of pioneer devices in continuous-flow cultivation 
 
Since then, considerable research and development effort has gone into analyzing, optimizing 
and designing continuous-flow cultivation and it has systematically improved both in 
experimental and industrial methods. From the 1950s onwards, the versatility and 
reproducibility of continuous-flow cultivation technique have been used to address 
fundamental problems in diverse microbiological fields such as biochemistry, ecology, 
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genetics and physiology. Extensive theoretical analysis of continuous-flow culture systems 
have subsequently been published by many researchers (Herbert et al. 1956; Malek 1958; 
 
Pirt 1966; Malek&Fencl 1966; Tempest 1969; Kubitschek 1970; Chlu et al. 1972; Veldkamp 
1976; Dean et al. 1976; Calcott 1981). In these studies, how the microbial growth in a 
nutrient-limited environment responds to changes in culture conditions was extensively 
investigated and it is strictly verified that the rate of flow controls the rate of microbial growth 
via the concentration of the growth-limiting nutrient in the medium. To sum up; a microbial 
population can be cultured continuously at a specific growth rate.  
 
The heyday of instrumental development for continuous-flow cultivation was in the 1960s, 
during which the British microbiologists at the Porton Down Research Center concentrated on 
the design and the essential requirements of a continuously operated bioreactor. Where, 
Herbert et al. (1965) developed a bioreactor of 0.5 liter capacity, in which the nutrient 
medium was dispensed by mechanical peristaltic pumps (rather than a pressure regulator or a 
self-flow mechanism as in former designs) and the agitation is provided by a magnetically 
coupled rotating iron bar (instead of air sparging) (Figure 1.1c). Subsequently, his co-workers 
succeeded in designing a highly advanced and reliable bioreactor constructed in two separable 
parts, the “fermentor unit” and the “control unit”, which is connected by a multi-core cable 
through multi-point plugs and sockets (Evans et al. 1970) (Figure 1.1d). This 1 liter “Porton-
Type” bioreactor was equipped with impellers for mixing (instead of a magnetic bar used so 
far) and monitoring systems for temperature, pH, dissolved oxygen and optical density. The 
nutrient medium is delivered to the culture at a constant rate by a peristaltic pump and the rate 
of media flow can be adjusted. Air is pumped into the culture vessel through a sterile filter. 
The culture may be aseptically sampled by opening the clamp on a sample port. It has 
provided a great spin-off for the expansion of continuous-flow fermentation and has become 
the basis for the further continuous stirred tank bioreactors, mostly used type of bioreactors in 
continuous-flow manner today.  
 
This progress in design has filled the gap between laboratory experiments and industrial 
implementation and the continuous cultivation has began to be used widely for ethanol and 
single cell protein production in large scale, as well as in the waste treatment industry 
(Solomons 1983). Subsequently, detailed analysis of catabolic repression and product 
inhibition has increased the attention to the use of continuous fermentation in yeast industry 
(Magasanik 1961; Rothstein&Steveninck 1966; Aiba et al. 1968; Barnett 1976; Holzer 1976). 
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Cysewski&Wilke (1978) demonstrated that continuous-flow yeast fermentation improved the 
volumetric ethanol productivity 4-fold and cut the capital investment and production cost of  
 
ethanol 3- and 2-fold in a single stage fermentation, respectively. The explosion in the 
technique of cell immobilization revitalized continuous fermentation research in the 1980s 
and led to industrial application in alcohol production. The microbial production of 
antibiotics, vitamins and amino acids were also encouraged. It has also gained popularity with 
the emerging of pulse and medium-shift techniques, particularly for medium development 
(Kuhn et al. 1979), in which a single medium component assessed while all other factors 
remain constant. Meanwhile, many studies advise the use of continuous-flow cultivation over 
batch fermentation considering optimized process conditions for maximal product 
productivity, long term continuous productivity, higher volumetric productivity, reduced labor 
costs, reduced vessel down time for cleaning, filling, and sanitizing (Tyagi&Ghose 1980; 
Dykhuizen&Hartl 1983; Wall&Hill 1992). 
 
In current trend, researchers are taking the advantage of continuous culture systems in 
combination with metabolic flux analysis techniques. I.e., investigation of ethanol production 
by Saccharomyces cerevisiae during aerobic chemostat culture revealed the influence of 
nitrogen source on ethanol production (Aon&Cortassa, 2001). Supplying amino acids, rather 
than ammonia, as nitrogen source resulted in ethanol production at lower growth rates. 
Avignone-Rossa et al. (2002) employed continuous culture under phosphate limitation to 
examine carbon flux at different growth rates in relation to antibiotic production. Wick et al. 
(2001) investigated changes in substrate uptake kinetics and the proteome of Escherichia coli 
in glucose-limiting and -sufficient conditions by combining the use of continuous-flow culture 
with proteomics to study cellular processes in eubacteria. The combination of continuous-flow 
cultivation and functional genomic techniques also provides a sound experimental basis for 
the analysis of biological processes in microorganisms. Studies such as Hayes et al. (2002) 
and Wu et al. (2004) highlight the enhanced reproducibility of transcriptome, proteome, 
metabolome and metabolic engineering data obtained from steady-state continuous-flow 
cultures. To sum up, the continuous-flow cultivation take a significant role in a wide range of 
biological investigations and its necessity is associated more and more with the progress in 
microbiology. 
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1.2.2   Conventional Bioreactors for Continuous-Flow  
 
Several types of continuously operated bioreactor systems are commercially available (i.e. 
chemostat, turbidostat, accelerostat,…). Each of them came with its own operational method, 
in which the cell growth at a level of optimum productivity is controlled. Traditionally, 
continuous-flow cultivations are operated as chemostat; the medium is delivered at a constant 
rate, which ultimately determines growth rate and cell density (Novick&Sizilard 1950). An 
alternative to the chemostat is the turbidostat where the dilution rate of the continuous 
cultivation is manipulated in order to achieve a constant biomass concentration by negative 
feedback control (Martin&Hempfling 1976). In other operation techniques, a fermentor 
variable, i.e. pH, any component of culture medium or product will be monitored using an 
appropriate detector and the liquid flow rate will be automatically adjusted so as to maintain 
the variable at a constant level (Watson 1969; Fraleigh et al. 1989). Furthermore, a novel 
continuous operation procedure has taken place in the recent years. Paalme et al. (1995) 
introduced accelerostat cultivation technique (A-stat) where the dilution rate is increased 
smoothly with a constant acceleration rate by monitoring the change in substrate- and oxygen-
dependent growth yields (
SX
Y  and 
OxyX
Y ). 
 
Among all those operation techniques, chemostat is by far the simplest and most common 
mode of operation for continuous-flow cultivation. Thus, all devices for continuous-flow 
culture must prescribe the essential requirements for chemostat design and fulfill six basic 
conditions (Evans et al. 1970) as follows; 
 
i) a growth vessel in which the culture  is protected from contamination 
 
ii) a flow of fresh sterile medium at a constant, pre-determined, but variable rate 
 
iii) a constant culture volume 
 
iv) a sufficient agitation to permit near-perfect mixing 
 
v) aeration system for the supply of sufficient dissolve oxygen. 
 
vi) a constant temperature regulation   
 
  Chapter 1.   General Introduction    8 
The latest developments in continuous operated bioreactor were mainly reported on bioreactor 
designs for better mixing, higher oxygen transfer and lower shear stress (Martin 1995; 
Tisseyre 1995; Elibol 1996; Rosell 1996).  Those bioreactors are fundamentally classified by 
agitation methods and vessel construction into: mechanically agitated (continuous stirred tank 
bioreactors), pneumatically agitated (bubble column bioreactors and air-lift bioreactor) and 
non-agitated bioreactors (plug-flow bioreactors) (Figure 1.2).   
 
Continuous-Flow Stirred Tank Reactors (CSTRs). The most common design of 
continuous operated bioreactors in use today is the CSTR because of the large amount of 
knowledge and experience about stirred tank reactors (Figure 1.2a). In a CSTR, one or more 
fluid reagents are introduced into a tank reactor equipped with an impeller for proper mixing 
while the effluent is removed. The growth vessel is typically tube like and can be 
manufactured from a variety of materials including glass, stainless steel and polymers. It 
varies from laboratory experimental models of one or two liters capacity, to industrial models 
of several hundred liters capacity. The typical variables are: type, size, location and the 
number of impellers, sparger size and location. These determine the hydrodynamic pattern in 
the reactor, which in turn influence mixing times, mass and heat transfer coefficients, shear 
rates etc. Since stirred tank reactors are commonly used in chemical industry, their mixing 
concepts are well developed (Kubitschek 1970). 
 
Continuous Plug Flow Reactors (CPFRs). An alternative to the continuous stirred tank 
arrangement is tubular CPFR (Figure 1.2b). The reactor is made of a rotating spiral and filled 
with the culture broth. As the spiral rotates, the culture broth moves along the length of the 
reactor. Mixing is achieved through aeration. In contrast to a CSTR, the culture medium is 
inoculated before entering the vessel and the requirement of continuous inoculation is a main 
disadvantage. Unlike CSTR, the substrate and biomass concentration changes in the direction 
of flow through the reactor and the cell concentration and nutrient concentration vary with 
position in this vessel. As a consequence, it is possible in the plug flow fermentor to mimic 
growth in batch culture where distance along the fermentor replaces time of incubation. In 
theory, the continuous plug flow fermentor is an excellent way to study the events in batch 
fermentation. In addition temperature and water activity may be adjusted to a different 
optimum level for each physiological stage of the cultivated microorganism. The CPFR has 
also advantages over other reactors in that continuous fermentation is possible without 
dilution of the culture and provides greater substrate conversion and higher product 
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concentration than the CSTR of equal volume (Tisseyre et al. 1995). However, demonstration 
of the feasibility and of the advantages of this reactor setup is still needed. 
 
 
Bubble Driven Bioreactors (BDBs). BDBs are generally classified as pneumatic reactors 
without any mechanical stirring arrangements for mixing (Figure 1.2c). Sparging ensures 
adequate aeration and mixing of the culture broth. Two classes of bubble driven bioreactors 
are bubble column bioreactors and air-lift bioreactors. An air-lift bioreactor differs from 
bubble column bioreactor by the presence of a draft tube in the central section of the reactor 
which provides better mass and heat transfer efficiencies. The main advantages of BDBs are 
low shear forces, low energy requirements, and simple design (Hines 1978). Therefore, they 
are commonly used in the culture of shear sensitive microorganism and plant cells. It is 
ideally suited for aerobic cultures since oxygen mass transfer coefficient are quite high in 
comparison to stirred tank reactors. The major disadvantages of air-lift and bubble column 
bioreactors are foaming induced by large volumes of air and growth of cells in the head space.  
 
Continuous-Flow Bed Reactors (CBR). In CBRs, the cells are immobilized by absorption 
on or entrapment in solid particles or non-moving solid surfaces (Figure 1.2d). The use of 
continuous bed reactors gained importance after the potential of whole cell immobilization 
technique has been demonstrated. Two types of CBRs, Packed Bed Bioreactors (PBRs) and 
Fluidised Bed Bioreactors (FBRs), are widely used in biotransformation, brewing, vinegar 
and wastewater treatment industries (Coulson& Richardson 1968). In packed bed reactors, the 
cells are physically trapped inside the pores of solidified gels such as agar or carrageenin and 
these particles do not move with the liquid. Packed bed reactors are simple to construct and 
operate but can suffer from blockages and from poor oxygen transfer. One advantage of fixed 
bed reactors is that non-growing cells can be used. In a fluidized-bed reactor, the cells are 
generally immobilized by using of polymeric carbohydrate particles such as calcium alginate, 
granular ceramics beads, and glass beads as carriers (White&Portno 1978; 
Shindo&Kamimura 1990). The smaller particle size facilitates higher mass transfer rates and 
better mixing. Usually fluidization is obtained by air fed to the reactor and can also be 
operated to take advantage of cell immobilization. Both growing and non-growing cells can 
be used. 
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Figure 1.2:   Simple configuration of bioreactors designed for continuous-flow cultivation 
 
Latest Developments of Continuous-Flow Cultivation in Small-Scale. 1-L Porton Type 
stirred tank reactors are conventionally used for continuous-flow experiments in small-scale. 
A few notable developments in miniature bioreactors have recently been reported. However 
those bioreactors in milli-scale have limited operational fields. Nanchen et al. (2006) has 
demonstrated a continuous culture system with working volume of 10 ml during the 
intracellular-flux characterization of E. coli culture (Figure 1.3b). Aeration and agitation in 
growth vessel modified from 17 ml Hungate tube are provided by air bubbling, while the 
nutrient medium is supplied through peristaltic pumps. Gu et al. (1996) developed a miniature 
bioreactor with a working volume of 58 ml, which is simplified from the conventional 
reactors (Figure 1.3a). Its growth vessel, which is agitated by a magnetic bead, was connected 
with a luminometer for holding a fibber-optic light probe during the fermentation. Another 
interesting mini scale bioreactor in continuous manner was developed in space laboratory of 
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European Space Agency (Walther et al. 1994) (Figure 1.3c). Taking the advantages of micro-
technology, they developed a cultivation chamber with a working volume of 3 ml. The mixing 
 
 
 
of culture is obtained by means of a magnetic stirrer. Aeration was provided by seven micro 
gas exchange membranes crossing the chamber vertically.  
 
 
 
Figure 1.3:   Bioreactors that have latest been reported for continuous-flow cultivation in small-scale 
 
 
 
1.3   Motivation and Aim 
 
Despite a large number of advantages and many application possibilities, the continuous-flow 
culture systems with conventional technology are due to their complex set up and large 
working volume inappropriate for the wide application of continuous fermentation in the 
academic and industrial disciplines. They have some operational barriers that many managers 
will not desire. First of all, continuous-flow cultivation is very time- and material consuming. 
Experimental time is long and large quantities of medium are required. If one considers that 
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for the adjustment of a stationary operating point in a continuous fermentation a minimum of 
five retention times (reciprocal of the dilution rate) is needed, a total experimental time of  
 
 
several weeks or even months may result. Because of relatively large reactor volume, it is 
necessary to supply large quantities of sterile medium to the continuously operated vessel. 
Daily medium consumption of a conventional 1-L continuous stirred tank reactor may peak at 
more than a dozen liters. If expensive ingredients such as inducers or radioactively labeled 
compounds must be added to the medium, high variable costs result. Long fermentation time 
also enhances the probability of wall-growth and contamination. Particularly in the 
fermentation with yeast, the most common problem is bacterial contaminants. Faster growing, 
alcohol and pH tolerant bacteria can quickly outnumber the cultured yeast and inhibit yeast 
growth (Chang et al. 1995). In an attempt to reduce bacterial contamination during the 
fermentation, one or more antibiotics such as penicillin, tetracycline, chlortetracycline, 
oxytetracycline, virginiamycin, and monensin are routinely used, which increase the 
fermentation costs (Aquarone 1960; Hynes et al. 1997). Another barrier to employing 
continuous-flow fermentation is the difficulty of parallel operation allowing researcher not 
only the comparison of parameters and results, but also ensuring the continuity of experiment 
in parallel vessels in case of any unexpected problems, as well as contamination. With 
conventional technology the operation of more than one or two continuously operated 
bioreactors hardly seems possible. Continuous-flow culture technique is also very susceptible 
to long term employment that often surpasses many of the other disadvantages. For example, 
there is a little attention in literature to problems connected with enzyme adaptation and 
induction in continuous culture. Nor has the continuous method been sufficiently investigated 
in the study of the mutation process. The stability of microbial dynamic in a continuous-flow 
culture is sometimes questioned. The use of continuous-flow culture technique to produce 
many therapeutic products is therefore not accepted by the US Food and Drug Administration 
as a current good manufacturing practice. As a consequence, in order to increase the 
knowledge and experience about the microbial systems in continuous culture, a new 
continuously operated bioreactor system with a focus on easy and robust handling, minimum 
requirement of special equipment, inexpensive and parallel operation is strongly desirable.  
 
Operational attractiveness and widespread usage of shaking technology is in the focus of this 
dissertation. Because a significant number of culture experiments are carried out in shaken 
flasks (Büchs 2001), the development of more sophisticated culture techniques based on 
shaken reactors has evolved into an important field of research (Anderlei&Büchs 2001). Much 
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of this development has been driven by a need to maximize the efficiency and productivity of 
cultivation systems and to minimize the costs and expenditures. Shake flasks  
 
are convenient because they are inexpensive and easy to handle. Mixing and energy input are 
provided by the rotating centrifugal force without requiring any specific device attached to 
each of the shaken bioreactors operated in parallel. In the case of unbaffled shaken 
bioreactors, an absolutely regular rotating liquid flow is generated with a well-defined and 
predictable geometry (Büchs et al. 2007). In addition, the possibility of parallel application 
makes the use of shaken flasks more attractive.  
 
In spite of the operational attractiveness of the shaking technology, it is almost exclusively 
used in a batch mode, except for the successful application of shaken flasks for Fed-Batch 
application by Altenbach-Rehm et al. (1999). Therefore, it is of practical interest of this 
dissertation to combine the advantages of shaken culture technology with continuous 
operation in a new bioreactor system. Development and characterization of a novel parallel 
shaken bioreactor system based on shaking technology for continuous-flow cultivation in 
small scale, exploiting the advantages of shake flasks of easy handling and a parallel 
applicability, will be studied in this work. 
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2 
 
 
Theoretical Background 
of Shaking Technology 
 
 
 
 
 
Shaking technology plays a dominant role in the small-scale cultivation of microorganisms. It 
requires mainly the consideration of four interconnected elements; (i) design of shaking 
machine; (ii) choice of shake-vessel, (iii) characteristics of fluid (a liquid or gas) in shaken 
vessel, and (iv) the characteristics of microbial culture broth. Each has a significant influence 
on the performance of a culture system and must be carefully considered for each 
experimental set up. It is the purpose of this chapter to describe the elements of shaking 
technology and to give a brief overview of the technical characterization of a shaking culture. 
 
 
2.1   Shaking Machine 
 
The shaking machines are the basic devices used in microbiological laboratories. They are 
fundamentally designed to shake culture vessels for providing aeration and an uniform 
environment for microbial broths. A very first attempt of shaking machine in the literature 
was reported in 1938 by Fisher&Wilhelmi, when they developed a simple shaker ensuring an 
alternating motion through an arc of a circle. The following developments in design of 
shaking machines were reported by Cleverdon (1956), Keohane&Metcalf (1960), and Machlis 
(1963) (Figure 2.1). Currently, different types of shaking machines manufactured by various 
companies are available in various types of motion and capacities to meet all different 
applications. A typical shaking machine has 3 main parts; (i) motor to provide the basic 
mechanical power, (ii) control-panel to adjust the shaking frequency, the direction of motion 
and the other regulations if needed, and (iii) platform to hold the shake flasks. Some shakers 
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also come with special accessories like incubator, humidity control, water-bath and CO2-
control.  
 
 
Figure 2.1:   Overview of the development of shaking machine 
 
The shaking machines are generally categorized by their manner of shaking motion. The most 
common types are reciprocating shakers, orbital shakers, rocking shakers, figure-eight motion 
shakers and rotating shakers.  
 
 
Reciprocating motion shakers:  The reciprocating 
motion shakers perform shaking operation on a 
platform moving alternately back- and forward. Most of 
the earlier studies in the culture of microorganisms 
were conducted using reciprocal shaking machines 
(Figure 2.2). Nevertheless, there are some limitations to 
the use of this type of shaking machine. Freedman (1970) studied the effects of shaking 
motion on the fluid activity within shaken-flasks and observed that the fluid activity during  
Figure 2.2:  Reciprocal Motion 
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reciprocating shaking was inconsistent. He reported that a change in the fluid activity from 
return curl effect to the swirl takes place within flasks during reciprocating shaking and will 
produce geyser eruptions under various conditions that are unpredictable and difficult to 
control. This effect also enhances the risk of wetting of the flask’s closures and 
contaminations in the culture. After this study, reciprocating shaking machines have slowly 
lost their importance and the orbital shaking machines were used most commonly in culture 
of microorganisms. Kato et al. (2003a, 2003b) studied about the mass transfer, mixing 
performance and flow pattern in the reciprocally shaking vessels and reported that the 
hydrodynamic phenomena are more complicated than those in a vessel with orbital motion. 
Currently, this type of shaking machine is ideally used for general laboratory applications 
which require reciprocating stroke movement and also hybridization and gel agitation.  
 
Orbital motion shakers: In this motion, the entire 
platform of an orbital shaker moves in a circular orbit. 
The noisy and mechanically complex design of 
reciprocal shakers led Keohane&Metcalf in 1960 to 
develop first orbital shaker having two selves, which 
provided running continuously and reliably for a long 
periods (Figure 2.1b). The uniformity of the shaking from one shelf to another was later 
improved by attaching a supporting tube (Machlis 1963) (Figure 2.1c). Freedman (1970) 
reported that the swirl pattern in the orbital shaking is more consistent and less affected by 
media, viscosity, and machine start-up or flask volume as compared with that in the reciprocal 
shaking. Almost all the recent studies about the culture of microorganisms are performed 
using orbital shaking machines. Büchs et al. investigated comprehensively the mass transfer, 
mixing performance, power consumption and flow pattern in orbital shaking vessels. This 
know-how supported the use of orbital shaking machine as common laboratory equipment in 
every discipline of microbiology. In the modern design for orbital shakers (Figure 2.1d), the 
“Direct Drive” system, transmitting a uniform motion to all vessels, ensures that the speed of 
the motor is the same as the speed of the vessels being shaken. Therefore, any mechanical 
interference on the fluid dynamic in shaken vessels is prevented. On the other hand, due to 
less mechanical friction, less power consumption is provided. In addition, the precise reading 
of shaker speed is obtained by slipping belts supported by electro magnets and sensors. The 
orbital shaking machines manufactured by Kühner AG in Switzerland can be monitored with 
a resolution of 1 1/min (Figure 2.1d). 
 Figure 2.3:  Orbital Motion 
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The other types of shaking machines such as rocking motion shakers, figure-eight shakers, 
and rotating shakers are also commercially available and schematically illustrated in Figure 
2.4. They are of limited use for the culture of microorganisms and there are not enough 
studies on their hydrodynamics. Rocking motion shakers provide a see-saw rocking motion. 
They are commonly preferred for low foaming agitation and gentle uniform mixing in 
medical and molecular biology laboratories for virological, immunological, serological and 
hematological applications. It is especially ideal for most fragile cultures of mammalian and 
plant cells, as well as performing staining and destaining of fragile gel and filter assays. 
Figure-eight shakers move in a figure eight pattern, smoothly switching between clockwise 
and counter clockwise motion. Although their advantages including faster growth rate, greater 
cell densities and higher oxygen transfer rates are reported by manufacturer, there is, however 
no systematic study in literature confirming these claims. Rotating shakers move in a 
rotating motion about an axis with an adjustable angle and speed. This type of machine is 
used mostly in sample testing for the presence of viruses and cytotoxicity assays in test tubes 
or eppendorfs. 
 
 
 
Figure 2.4:   Schematic illustration of shaking motion 
 
Balancing:  The shaking machines are typically plug-and-go, but the total weight on the 
shaking tray must be carefully controlled. Depending on this rotating mass, shaking at higher 
frequencies causes vibration problems. In case of vibration, many researchers prefer working 
at lower shaking frequencies, which is limiting the aeration rate and mixing rates. However, 
the vibration is not an inherent property and can be prevented by balancing the shaker  
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depending on the total weight of rotating mass. The source of vibration is the centrifugal force 
induced into the center of mean on tray. Correction of unbalanced situations involves the 
determination of this center of mean. It is the radial location at which the excessive radial 
mass distribution exists. The force induced is directly proportional to the mass on this location 
and can be calculated with the following well known Eq. 2.1 
 
 rmF ⋅⋅= 2ω                  and                n⋅⋅= πω 2  (2.1)
 
 F  acceleration force induced on a rotating mass [N]  
 m  Mass [kg]  
 ω  angular velocity [1/s]  
 r  distance of heavy spots to rotating axis [m]  
 n  shaking frequency in orbital shaker  [1/s]  
 
As shown in Figure 2.5, a counterweight ( ) exerting the same force (F2m 2) to the force (F1) 
created by the rotating mass must be incorporated into the drive sheave of the shaker and its 
location is opposite to the center of mean. 
 
 
         For Counterbalancing;  
 
                 F1  =  F2
Figure 2.5:   Schematic illustration of counterbalancing for orbital shaker 
 
Many microbiologists are paying relatively little attention to the precision required in shaking 
machines and are often unaware of the performances obtainable from them. This is evidenced 
by a literature survey (Table 2.1). During the past 10 years out of 100 publications, which are 
randomly filtered by giving the words “shaking culture and shake flask” as search parameters 
into online-toolbar of PubMed (in August 2006), only 26 % of microbiologist have exactly 
defined the shaking machine, on which the culture experiments were carried out. The rest of  
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them have reported only the shaking frequency. Many shakers appeared to be run at standard 
speeds, often with no indication that the conditions used are optimal. The diameter of shaker 
was also generally underestimated by microbiologists. Some of the experiments referring the 
same microbial characteristic are conducted on the shakers with various shaking diameter. 
Whereas, the effects of shaking diameter on the oxygen transfer rate, respectively on the 
performance of microorganisms, were reported by researchers (Maier et al. 2001). 
 
Table 2.1:  Results of literature survey about the features of shakers used by microbiologists 
 
 
Number of publication surveyed 
 
100 
Orbital 56 
Reciprocal 9 
Rocking 1 Number of shaker type reported 
No information about shaker type 34 
 
Number of publications without 
information of shaking diameter  
 
76 
 
Diameters of shaker reported 
 
25 mm, 25.4 mm, 50 mm, 50.8 mm, 70 mm 
Mostly addressed manufacturers of 
shaking machine 
 
? New Brunswick Scientific, USA 
? Lab-Line Instruments, USA 
? Infors, Switzerland 
? Kühner, Switzerland 
? Certomat, (Sartorius) Germany 
? Reliable Scientific Inc., USA 
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2.2   Shake Vessels 
Culture vessels were confined in most of the earlier studies for the sterile conservation of 
substrates inoculated with microorganism and the purely observation of microbial growth on 
the surface of solid or liquid medium (Pasteur 1861; Hesse 1892; Hall 1929; 
Hussong&Hammer 1930). In 1933, introduction of shaking culture technique by 
Kluyver&Perquin has announced the new era for the cultivation of microorganism in 
suspended solutions. From the 1930s onwards, shake vessels were well established as usual 
tool in every discipline of microbiological sciences. It is estimated today that several million 
experiments per year are conducted world-wide in shake vessels (Büchs 2000). The main 
advantages of the shake vessels are the ease of handling, parallelization, low price, easy 
washing- and sterilizing process. Mixing and aeration are provided by shaking without 
requiring any specific device attached to the shake vessels. 
 
The following properties play a significant role in the choice of most appropriate shake vessel 
for a certain aerobic culture system. 
 
• Effective closure to prevent contamination 
• Consistency of the fluid regime in shake vessel 
• Adequate aeration rates during cultivation 
• Low evaporation depending on the gas exchange area at the headspace. 
• Low shear forces 
 
Shake vessels are commonly categorized depending on the general geometry of vessels and 
can be  differentiated depending on the size, material, surface properties of inner wall, and 
type of plug used to seal of vessels (Figure 2.6). The most common types are shake-flasks, 
microtiter-plates, culture-bottles, test-tubes and T-flasks. They are mostly made of 
borosilicate glass because of being less subject to thermal stress. Some of them are made of 
plastic for cost, ruggedness, and convenience reasons, or quartz glass for special applications 
requiring higher resistance to temperature and transparency in certain parts of the 
electromagnetic spectrum. They comprise many different volumes ranging from shake flasks 
of hundreds of milliliters to microtiter-plates of a few hundred microliters, as well as bottles 
in higher volumes of several liters (Raval et al. 2006). In order to prevent contamination from 
airborne microorganisms into the culture medium, shake flasks are traditionally sealed  
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allowing free flow of air into the flask with different types of closures such as cotton-wool, 
glass-wool, wrapped paper, thin sterile filter, polyurethane foam, gauze or synthetic fibrous 
materials, as well as aluminum foil cup. 
 
However, no systematic study has been conducted till date to compare the performance of all 
shake vessels under same culture conditions. Nevertheless, various studies investigating the 
characteristics of each vessel exist. Therefore, significant characteristics, such as the capacity 
of aeration, mixing and the shear effect must be individually considered for each category. 
Following, a brief overview of the shake vessels will be given. 
 
 
 (a) 
 
   Erlenmeyer Flask 
(b) 
 
  Microtiter plate 
(c) 
 
Test-Tube 
(d) 
 
Culture Bottles 
(e) 
 
T-Flask 
 
Figure 2.6: Schematic illustration of shaking vessels used in culture experiments 
 
Shake Flasks. The conical flask representing a conical base with a cylindrical neck was 
designed in 1861 by German chemist Richard Erlenmeyer (also known as Erlenmeyer flasks) 
(Figure 2.6a). Standard conical flasks have various sizes of total volume ranging from 50 ml 
to 500 l and are made of borosilicate glass or plastic materials. Erlenmeyer flasks are 
inexpensive and easy to handle. They are ubiquitously used for growth studies of 
microorganisms in suspended culture (Hromatka&Ebner 1949; Machlis 1963). It is estimated 
that the about 90 % of small scale cultivation are performed in shake flasks (Delgado et al. 
1989; Büchs 2000; Kumar et al. 2004; Betts&Baganz 2006). The conical shape allows the 
contents to be swirled consistence in case of shaking, while the neck enables effective closure 
using different types of plugs such as cotton wool stopper to prevent contamination, allowing 
the air flow into flask. They are equipped with or without baffles. Baffles have been used in 
shake flasks to increase oxygen transfer rate from air into the culture liquid increasing the 
contact surface between oxygen and culture broth, as well as to prevent vortex formation. 
However, the splashing of fermentation broth leads to the cotton-wool plug becoming damp  
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and prevents free flow of air into flask. The small gas exchange area at the headspace of 
conical flasks also limit the rate of evaporation, which is a critical factor in the small scale 
culture experiments, particularly for slowly growing organisms. The relatively large surface 
of the bottom allowed a high surface-to-volume ratio, which is a main determinant of the 
oxygen transfer rate. The agitation in shake flasks is mostly ensured by orbital shaking 
machines providing energy input via rotating centrifugal force. They can be simultaneously 
operated up to several hundreds of shake flasks on a single tray.  
 
Various extensive investigations on the shake flask were reviewed. The characterisation of 
shake flask was reported in the early works by Chain&Gualandi (1954), Rhodes&Gaden 
(1957), Freedman (1970), and van Suijdam et al. (1978). Gas transfer rates through the 
closures sealing the flasks are investigated by Schultz (1964), and McDaniel&Bailey (1969). 
They reported that cotton plugs could be oxygen transfer limiting. Gaden (1962) and 
McDaniel et al. (1965b) have investigated baffled flasks and reported that the baffle 
arrangements could enhance the oxygen transfer rate and mixing in the shake flasks. 
However, it has been later considered that the reproducibility of the data obtained from 
baffled flasks is insufficient. It is reasoned with the geometry and sizes changing from flask-
to-flask (Delgado et al. 1989; Henzler&Schedel 1991; Büchs 2000). Kato&Tanaka (1998) 
have also investigated the effect of flask shape on ventilation and oxygen supply capacity 
comparing a standard Erlenmeyer flask, a cylindrical flask and a box-shaped flask under the 
same operational conditions. They have recorded the highest values in the box-shaped flask 
than the conventional Erlenmeyer flasks. Büchs et al. have reported in the recent years many 
comprehensive studies for the mass transfer, mixing, modelling of oxygen transfer, flow 
regimes, and power consumption in the shake flasks (Büchs et al. 2000a, 2000b, Mrotzek et 
al. 2000; Büchs&Zoels 2001, Maier et al. 2004; Lotter&Büchs 2004; Peter et al. 2006). They 
have reported that in the case of unbaffled Erlenmeyer flasks, an absolutely regular rotating 
liquid flow is generated with a well-defined and predictable geometry. Due to the main 
interest of this thesis, characterization of mass and fluid (a liquid or gas) dynamics in 
Erlenmeyer flasks will be discussed detailed in the following part of this thesis. 
 
Microtiter-Plates. Microtiter-plates are small flat plates with multiple “wells” and commonly 
used for analytical research in medical diagnostics and pharmaceutical industry (Figure 2.6b). 
This plate was first created by a Hungarian, Dr. Takatsky, for analytical purposes. The 
standard characteristics, including well dimensions of microtiter- plate, were completed and  
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published in 2003 by American National Standards Institute. These definitions are especially 
of importance for a number of companies developing robotics and readers for microtiter-
plates. It has traditionally 6, 24, 96, 384 or even 1536 sample-wells arranged in a rectangular 
matrix. The bottoms of the wells are round or flat in shape and the wells are deep or shallow. 
Microtiter-plates are made of plastic (polystyrene or polypropylene) or glass plates with 
cylindrical wells. The typical working volume varies from 0.025 ml to 5 ml. 
 
Microtiter-plates offer the possibility of providing a large number of parallel culture vessels 
with identical shape and characteristics of fluid dynamic. This enables time-effective 
screening of strains. Due to this advancement, the application of microtiter-plates has recently 
received an increasing interest in small-scale cultivation of microorganisms and became a 
mature alternative for Erlenmeyer flasks when low culture volumes suffice. Duetz et al. 
(2000) have successfully used deep-well plates for the growth of clonal libraries in E. coli and 
for the study of process parameters of Pseudomonas putida. Hermann et al. (2003) have 
characterized the gas-liquid mass transfer in microtiter-plates. The operating conditions 
commonly used for shaking flasks can not provide the same oxygen mass transfer capacities 
in microtiter-plates. John et al. (2003) determined volumetric gas-liquid mass transfer 
coefficient ( ) as 130 1/h in conventional 96-round wells. It has moderate to high aeration 
rates (40 mmol O
kLa
2/l/h for 96 square deep well plates, at a shaking speed of 300 1/min, a 50 
mm shaking diameter, and a culture volume of 0.5 ml per well). Higher oxygen mass transfer 
rates can be achieved in deep-well microtiter plates at high rotation speeds. Microtiter-plates 
provide higher mixing intensity than in Erlenmeyer flasks, and therefore better mimicking of 
conditions in stirred-tank bioreactors. Because of the small amount of working volume, 
evaporation of medium is main problem. This limitation can be overcome by using different 
types of membranes and suitable closures with humidifier at the top of the plate (Zimmermann 
et al. 2003; Hermann et al. 2003). Another barrier is the difficulty in sampling. Automated 
measurements of the growth of cells and microorganisms can be conducted by various types 
of liquid handling systems (lab-robots) and spectrometers for microtiter-plates, which are 
available in the market.  
 
Bottles. Bottles are cylindrical in shape (Figure 2.6c), made of glass or polycarbonate and 
mostly used for mass culture of cells on orbital shaking machine or for anchorage dependent 
cells in a rolling bottle (Griffith 1995). The orbital shaking pattern and hydrodynamics of  
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cultures grown in bottles are similar to that in Erlenmeyer flasks. The bottles even have few 
advantages in comparison to Erlenmeyer flasks; the oxygen transfer rate may be expected to 
be higher than in Erlenmeyer flask under same operating conditions, because the surface of 
the film on the glass wall, where most of the oxygen transfer takes place, is higher. The 
headspace volume of bottles is 2-3 folds higher than Erlenmeyer flasks with the same bottom 
diameter. Therefore, 2-3 fold more biomass can be generated. They are available in square or 
round forms of various sizes from 100 ml to 5000 ml, even up to 60 l (Liu&Hong 2000). The 
corners of square bottles provide a similar effect as baffles in Erlenmeyer flasks and offers 
better mixing particularly for poorly soluble substrates. The specific oxygen transfer rates 
attainable (up to 60 mmol/l/h) are higher than in Erlenmeyer flasks filled at the same 
volume/bottom surface ratio (Duetz&Witholt 2004). Unfortunately, no well-comparable 
literature data to support this notion are available.  
 
Test-Tubes. Test-tubes, also known as a culture tube, are the standard tool of experimental 
laboratories composed of a finger-like length of glass tubing, open at the top, with a rounded 
U-shaped bottom (Figure 2.6d). They are made of temperature-resistant glass or polymers and 
available in a multitude of lengths and widths. The opening of tube is fitted with a cotton or 
plastic foam plug, as well as aluminum cup for maintaining the sterility of the culture. The 
risk of clogging the sterility barriers is usually very low because of negligible aerosol 
formation. Due to the small surface-volume ratio, test-tubes, however, provide low oxygen 
transfer rate into culture broth. Some researchers have recently conducted the cultivation of 
microorganisms in shaking test tubes (Saito et al. 2000), but these vessels are usually 
preferred today only for cultivation of single plant cells (Duchesne et al. 1988), as well as the 
cultivation of microorganisms for inoculums ranging from about 2 to 10 ml in volume. Less is 
known about hydrodynamics and mass transfer in shaken test tubes. Stöckmann et al. (2003) 
have compared the test-tube with shake flask and suggested a similar hydrodynamic regime 
for vertical shaken test-tubes and shake flask. The test-tubes can easily be tilted to obtain a 
similar effect as baffles in shake flask. 
 
Tissue Flasks. The tissue culture flasks (also known as T-Flasks) are the rectangular vessels 
with a mouth at one end for exchange of gases, changing the media and inoculation purpose 
(Figure 2.6e). They are usually used, besides disposable plastic tissue culture bags, for the 
stationary culture of attached mammalian cells also known as anchorage dependent cell lines 
(Griffith 1995; Kumar 2004). T-Flasks are generally adapted to a shaking system to bathe the  
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cells that are attached to the inner surface with medium. They provide a surface area from 25 
– 500 cm2 with a working volume ranging from 10 to 150 ml (Wickham&Nemerow 1993). 
 
 
 
2.3   Characteristics of Fluid in Unbaffled Shaken Flasks 
 
 
The vast majority of culture experiments in small-scale are carried out in shake flasks. Due to 
the fluid consistency, unbaffled shake flasks with working volumes of 50–500 ml are most 
widely preferred to baffled-one. Nevertheless, the characteristics of fluid (a liquid or gas) in 
shaken flasks are not well-known by many microbiologists. Many researchers are still not 
aware of the metabolic consequences of fluid characteristics. Several works about the 
evaluation of fluid characteristics in shaken flasks are very noticeable in the literature 
(Chain&Gualandi 1954; Rhodes&Gaden 1957; Freedman 1970; McDaniel&Bailey 1969; 
van Suijdam et al. 1978). However, the most comprehensive studies are reported in recent 
years by Büchs et al. Focusing on the hydrodynamic and gas exchange in shaken flasks, the 
fluid characteristics in unbaffled shaken flask is briefly described in this chapter. 
 
 
2.3.1   Hydrodynamic in unbaffled Shaken Flasks  
 
Hydrodynamic in shaken flask can be summarized with the following subtopics; (i) the types 
of fluid behavior, (ii) dimensionless numbers used for the characterization of flow behaviors, 
and (iii) liquid distribution.  
 
2.3.1.1   Types of Fluid Behavior 
 
Viscosity is an important parameter for the description of the type of flow behavior. It can be 
thought as the internal friction of a liquid. If a liquid is rotating over the stationary wall of the 
flask, the molecules clinging to the wall surface have zero speed. As it gets farther away from 
the surface the speed increases. This difference in speed is a friction in the liquid. It is the 
friction of molecules being pushed past each other. Amount of clinging-ness between the 
molecules will be proportional to the friction. This amount of clinging-ness is called viscosity 
and therefore determines the amount of energy absorbed by the flow.  The higher the viscosity  
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of the liquid, the greater the amount of force required to cause this movement, which is called 
“shear”. Shearing occurs whenever the fluid is physically moved or distributed, as in mixing. 
Shear stress is a stress state in which the shape of a liquid tends to change without volume 
change. The shear rate (velocity gradient) is the measure of the rate of shear deformation. 
With other words, it is the velocity gradient in a flowing fluid. A simple equation to describe 
viscosity is 
 
 
rateshear
stressshear== γ
τη  (2.2)
 
 η  viscosity of liquid [Pa.s]  
 τ  shear stress [N/m2]  
 γ  shear rate [1/s]  
 
Depending on the characteristics of viscosity, the type of flow behavior can be classified into 
two main categories; (i) Newtonian Fluids or (ii) Non-Newtonian Fluids. Following equation 
known as Ostwald–de Waele power law can be used to tabulate the type of flow behavior 
(Table 2.2); 
 
 mγκτ ⋅=  (2.3)
 
 m  flow behavior index [-]  
 κ  flow behavior index [Pa.sm]  
 τ  shear stress [N/m2]  
 γ  shear rate [1/s]  
 
 
Table 2.2:   Classification of fluid behaviors 
             Type of fluid behavior    Flow behavior index (m) 
Newtonian fluid                       1 
Pseudoplastic                    < 1 
Non-Newtonian fluid 
Dilatant                    > 1 
 
 
 
 
 
 
In order to determine the values of flow behavior index ( ) and flow consistency index (m κ ), 
a plot of log shear stress (τ) vs. log shear rate (γ ) was obtained; the slope of the line  
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represents  and the intercept represents logm κ . In Newtonian Fluid, shear stress is directly 
proportional to the shear rate ( ) and the fluid’s viscosity remains constant as the shear 
rate is varied. Regardless of how fast it is stirred or mixed, it continues to exemplify fluid 
properties. Typical Newtonian fluids are water and aqueous solutions like many culture 
mediums without biomass.   
1=m
 
In the Non-Newtonian fluids, the shear stress )(τ , is a function of shear rate at the particular 
time, but not dependent upon the history of deformation. When the shear rate is varied, the 
shear stress doesn't vary in the same proportion or even in the same direction. The viscosity of 
such fluids will therefore change as the shear rate is varied. The measured viscosity is called 
the "apparent viscosity" of the liquid at a certain conditions. There are many fluids that do not 
behave like Newtonian fluid, for example, suspensions and polymer solutions. If the fluid‘s 
viscosity decreases with increasing shear stress, then it is a pseudo-plastic fluid, also known 
as shear-thinning fluids (Figure 2.7). A common example to understand the flow behavior of 
pseudo-plastic fluids is styling gel, which is much harder to pour off the fingers (a low shear 
application), but that it produces much less resistance when rubbed between the fingers (a 
high shear application). Culture broths containing high concentration of substrates or products 
(e.g. extracellular polysaccharides like xanthan, pullalan ) show pseudo-plastic flow behavior, 
where the viscosity depends on the shear rate (Thomson&Ollis 1980; Mohseni et al. 1997). 
Conversely, if the viscosity increases with increasing shear stress, then it is known as a 
dilatant fluid. Their size, shape, and cohesiveness will determine how much force is required 
to move the Non-Newtonian fluids. Therefore, viscosity is an important parameter in the 
process of the mass transfer and mixing. Newtonian and pseudo-plastic fluids are often used 
in the field of biotechnology and thus affect performance of culture systems, respectively 
microorganism. However there is no sufficient information about flow behavior indexes of 
various culture broths in the literature. Fermentation broths containing filamentous 
microorganisms show pseudo-plastic flow behavior and process productivity is influenced by 
the broth viscosity (Pedersen et al. 1993). Lim et al. (2002) indicated that the rheological 
behavior of Cephalosporium acremonium culture (fungi cells) is closely related to the 
morphology and biomass concentration. Its flow index is changing over the culture time 
between 0.55 and 0.85. Kato et al. (1978) reported that plant cell culture of Nicotiana 
tabacum culture (plant cells) acted as Non-Newtonian fluids even at low cell concentrations 
of 0.9 g/l. Rodriquez-Monroy et al. (2004) indicated that the morphological characteristics of 
Solanum chrysotrichum (plant cells) were influenced by the culture system used and the  
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morphological properties of the aggregates strongly determine the rheological behavior of 
culture broth. Flow index values between 0.77 and 0.85 have been reported for S. 
chrysotrichum suspensions. 
 
 
 
 
Figure 2.7:   Characteristics of Newtonian and Non-Newtonian fluids 
 
 
 
2.3.1.2   Dimensionless Numbers 
 
One possibility to predict the state of a fluid is the use of the dimensionless numbers. There 
are several dimensionless numbers allowing to compare the complex systems of agitated 
culture liquids. Most widely used dimensionless numbers in characterization of hydrodynamic 
in shake flasks are; 
 
• Reynold’s Number to compare the flow pattern 
• Froude Number to describe gravitational influence 
• Power number (Newton Number) to postulate the power consumption  
• Phase Number to describe the flow pattern in shake flask 
 
The Reynolds Number ( ) is the ratio of inertial forces to viscous forces and used for 
determining whether a flow will be laminar or turbulent. Laminar flow occurs at low 
Reynolds Numbers (< 1000), where the fluid’s viscosity is dominant, and is characterized by 
a steady fluid motion, while turbulent flow, on the other hand, occurs at high Reynolds 
Numbers (> 10,000) and is dominated by inertial forces, producing unsteady changes. The  
eR
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transition between laminar and turbulent flow is often indicated by a critical Reynolds 
Number (Recrit). Büchs et al. (2000a) developed the following equation (Eq 2.4) to calculate 
the Reynolds Number in orbital shaking flask. 
 
 
forcesViscous
forcesInertialdneR =⋅⋅= η
ρ 2  (2.4)
 
 eR  Reynolds Number in shake flask [-]  
 ρ  liquid density [kg/m3]  
 n  shaking frequency [1/s]  
 d  maximum inner diameter of flask [m]  
 η  dynamic viscosity of liquid [Pa.s]  
 
For the evaluation of flow pattern in shake flask, the Reynolds Number was extended to liquid 
film Reynolds Number ( ) by Büchs et al. (2000b) (Eq 2.5). The Reynolds Number, 
respectively film Reynolds Number is used to describe the Phase Number. 
f
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 feR  liquid film Reynolds Number [-]  
 eR  flask Reynolds Number [-]  
 LV  filling volume [m
3]  
 d  maximum inner diameter of flask [m]  
 
A further dimensionless number is the Froude Number ( Fr ) representing the ratio of inertial 
force to gravitational force. In case of orbital shaking motion, the Froude Number is the ratio 
of centrifugal forces induced by the translator motion of shaker table in radial direction to the 
gravitational acceleration acting in axial direction. This number, along with the Phase 
Number, is used to describe the phenomenon based on the flow pattern in orbital shaking 
flask.  Newton Number can be calculated using following equation (Büchs et al. 2000b); 
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 ( )
g
dnFr oa ⋅
⋅⋅⋅=
2
2 2π  (2.6)
 
 aFr  axial  froude number   [-]  
 n  shaking frequency [1/s]  
 od  shaking diameter (orbital shaker) [m]  
 g  gravitational acceleration [m/s2]  
 
Power Number ( ), (also known as Newton Number), is a dimensionless number relating 
with the resistance force to the inertia force. This number has different specifications 
according to the field of application. It was modified by Büchs et al. (2000a) for the liquid in 
shaken flask (Eq 2.7) and can be used to describe the power consumption in shake flask. 
Ne
 
 
3143´
LVdn
PNe ⋅⋅⋅= ρ  (2.7)
 
 ´Ne  Newton Number modified for shaken liquid [-]  
 P  power [W]  
 ρ  liquid density [ kg/m3]  
 n  shaking frequency [1/s]  
 d  maximum inner diameter of flask [m]  
 LV  filling volume of flask [m
3]  
 
In order to provide the required mixing quality in shaken flask, it is essential to know the 
amount of mechanical power introduced. In case of orbital shaking, this mechanical power is 
induced by torque and angular velocity, and is transferred through frictional surface between 
the flask wall and the rotating fluid into the liquid bulk to provide mixing. The amount of 
power considered can be described as specific power consumption ( ) and can be 
estimated from Eq 2.7 for direct applications. Increasing shaking frequency, respectively 
increase in the rotational movement of the fluid results in the increase of the specific power 
consumption. Decrease in the frictional surface, leads to lower power consumption and 
subsequently to the inadequate consequences in mixing quality and mass transfer. It can be 
also correlated to flow regime and hydrodynamic stress in shaken flasks (Büchs et al. 2000a, 
2000b; Peter et al. 20006). Büchs et al. has intensively studied the specific power  
LVP /
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consumption in orbitally shaken flasks and described the Power Number ( ) as a function 
of the flask Reynolds Number ( ); 
´Ne
eR
 
 2.06.01 5.12570´ −−− ⋅+⋅+⋅= eReReRNe  (2.8)
 
The ratio of the maximum to specific (average) power consumption, , will 
also help to estimate the mixing conditions in shaking bioreactors. Large difference of this 
ratio, particularly during the scale-up, can lead the different performances between 
fermentations, as the larger pellets of filamentous microorganisms are formed in shaken flasks 
than in stirred tank (Büchs&Zoels 2001). 
θ)/(/)/( max VPVP
 
Phase Number is a dimensionless number (Eq 2.9), which is most recently defined by 
Büchs et al. (2000b and 2001). It is very useful to predict the behavior of rotating liquid in 
shaken flasks, whether “in-phase” or “out-of-phase”. At “in-phase” condition, the liquid 
sickle rotates along the flask wall and the maximum of the fluid height points the direction of 
centrifugal acceleration in shaken flask. Whereas, at “out-of-phase” condition, the liquid bulk 
fails to form its characteristic sickle shape. The focal point of the liquid bulk doesn’t follow 
the direction of centrifugal acceleration. Even at certain conditions, this displacement is so 
great that a large amount of liquid bulk remains on the bottom of flask and associated with 
irreproducible flow pattern. Decrease in the fractional surface between flask wall and liquid 
influences the mixing and gas exchange in a negative manner. Using Phase Number ( ), 
along with the axial Froude Number ( ), these two hydrodynamic states can be 
distinguished. 
)(Ph
Ph
aFr
 
 ( )fo eRddPh 10log31 ⋅+⋅=  (2.9)
 
 Ph  Phase Numbe [-]  
 od  shaking diameter (Orbital Shaker) [m]  
 d  maximum inner diameter of flask [m]  
 feR  liquid film Reynolds Number [-]  
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As long as the  and the , the liquid in shaken flask states the 
hydrodynamic behavior of “in-phase”. The following notices for the operation conditions can 
be extrapolated using the Eq 2.4, 2.5, and 2.9; 
)26.1(=> critPhPh 4.0>aFr
 
• Increasing in viscosity leads in favor of “out-of-phase”. (Critical apparent viscosity at 
which the fluid movement inside the flask changes from “in-phase” to “out-of-phase” 
can be calculated according to Peter et al. 2004). 
 
• Decreasing in shaking diameter and/or shaking frequency are also in favor of “out-of- 
phase”. 
 
• Higher filling volume and/or the smaller inner diameter of flask support “in-phase”. 
 
 
 
2.3.1.3   Liquid Distribution in Shaken Flask 
 
Except for certain conditions, the circulating liquid in 
orbitally shaken unbaffled flasks rotates as a 
characteristic sickle shape along the flask wall and is 
distributed reproducible. The maximum of flow sickle 
(also known as liquid height) points the direction of 
centrifugal force induced by the translatory motion of 
shaker table. Gaden (1962) observed that a thin liquid 
film is distributed on the flask wall where the liquid 
sickle rotates. The liquid distribution in shaken flask 
was quantified and modeled by Büchs et al. Maier&Büchs (2001) studied shaking motion in 
two partial movements as it is shown in Figure 2.8; (i) the movement of the flask around the 
eccentric axis with the angular velocity ( 1ω ), and (ii) the movement in opposite direction 
around the flask axis with the angular velocity ( 2ω ). The distribution results the intersection 
between the rotational parabolic and the flask wall. Therefore, the circulating liquid in the 
flask varies with the operating parameters of shaking machine, flask shape and filling volume. 
Using the following Equation 2.10 based on this model of liquid distribution, the liquid height 
depending on the flask and the operating parameters can also determined. 
Figure 2.8:  Liquid distribution 
in shaken flask 
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LL Vnddh ⋅⋅⋅⋅= − 60.011.021.0092.0  (2.10)
 
 Lh  liquid height [cm]  
 od  shaking diameter (Orbital Shaker) [cm]  
 n  shaking frequency [1/s]  
 d  maximum inner diameter of flask [cm]  
 LV  filling volume of flask [l]  
 
 
2.3.2   Gas Exchange and Aeration in Shaken Flasks  
 
The supply of gas is another most critical factor for the operations in shaken flasks. 
Particularly, cultivation of aerobic microorganisms in aqueous solutions involves mass 
transfer between the gas and the liquid phases. The operational conditions such as flask 
geometry, shaking parameters, types of closures and the rheological properties of the culture 
broth have a significant effect on the gas exchange rate. When oxygen is required as a 
microbial substrate, it is depleted in a few minutes by an active microbial population due to its 
slow solubility in water (9 mg/l at 20 °C). The oxygen solubility decreases with increasing of 
temperature (e.g. 7.2 mg/l at 33 °C) (Pumphrey&Julien 1996). Therefore most aerobic 
microbial cultures in shake flasks are oxygen limited and the adequate amount of oxygen 
must be supplied into culture liquid continuously. During cultivation of microorganisms, 
several other gaseous components such as water evaporation, carbon dioxide as a metabolic 
product or volatile products (e.g. acetaldehyde, ethanol, hydrogen, methane, ammonia etc.) 
are also present in the free space of flask. However, the concept of gas-liquid mass transfer in 
bioprocesses is centered on the oxygen, due to requirement of oxygen in higher concentration 
compared to other gaseous components. 
 
In general, gas exchange occurs between ambient air and 
microorganisms in three steps (Figure 2.9) and several 
independent partial resistances must be overcome 
(Bartholomew et al. 1950); a) the gas diffusion through 
sterile plug into flask, b) the transfer of gas from air into 
solution, and c) Solubility of gaseous component in liquid. 
Figure 2.9:  Barriers to 
     oxygen transfer 
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2.3.2.1   Gas diffusion through sterile plug 
 
Several types of closures such as cotton plug, wrapped paper, sterile filter, polyurethane foam, 
gauze or synthetic fibrous materials, and aluminum caps are commonly used to provide sterile 
condition in shake flask allowing free flow of air into the flask. Having compared the oxygen 
transfer in open flasks with that of flasks with closure, Chain&Gualandi (1954) reported first 
on the reduction of aeration rate due to sterile plugs (Figure 2.9a). Schultz (1964) indicated 
that the growth of Bacillus megaterium was limited due to the restriction of oxygen transfer 
by cotton plugs. Several researchers have also given an attention to effects of the geometry of 
flask mouth on the gas transfer. It was reported that the oxygen transfer coefficient of the 
narrow necked flasks is much smaller than that of the wide necked flasks (Ikeno&Ozaki 1968; 
Kato&Tanaka 1998). Mrotzek et al. (2000) compared different types of closures. 
Investigating cotton plugs of different size and bulk density, they reported that the cotton 
plugs with a bulk density between 0.06 and 0.25 g/cm3 reduce the gas exchange relative to the 
surrounding atmosphere between 25 and 38%. It is also determined that wrapped paper with a 
density of 0.19 g/cm3 reduces the gas exchange of carbon dioxide by about 37%. The 
measurements of gas transfer rate through aluminum caps showed irreproducible results and 
significant fluctuation. 
 
In general, the mass transfer resistance of sterile closures is smaller than the resistance of the 
gas-liquid interface, which will be discussed in following. However, parallel to developments 
in techniques for small scale cultures, it is an ongoing activity to increase and optimize the 
rate of oxygen transfer from gas-to liquid phase. Therefore, depending on the oxygen uptake 
rate of microorganisms in shaken culture, the resistance through sterile plugs can become a 
growth limiting factor. Using the measurement technique based on the weight reduction of 
flask (Mrotzek et al. 2000) and the model of Henzler&Schedel (1991), the gas transports 
through the plugs can be easily determined, and it can be estimated whether a limitation due 
to the sterile closure occurs. 
 
 
2.3.2.2   Gas-Liquid Mass Transfer 
 
The mass transfer from gas to liquid phase, or vice-versa, takes place via the interfacial area 
and limited by the rate of mass transfer. This rate is controlled by the driving force induced by 
the concentration difference of a gaseous component between two phases, the mass transfer  
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resistance and the exchange surface area available for transfer. Several useful theories have 
been proposed to describe the highly complicated mechanism of mass transfer from gas to 
liquid phase. These theories are generally concentrated on the interface area where the gas- 
and the liquid-phase contact each other. Three theories, among others, are frequently used.  
 
Film Theory (Lewis&Whitman 1924).   
Film Theory is the first, and the simplest model 
which has been proposed for the description of mass 
transport process between the gas- and liquid- 
phases (Figure 2.10). This model starts by assuming 
that the gas and liquid phases in contact with each 
other are separated by an interface area where they 
meet. The interface area is comprised of two thin layers of stagnant fluid on each side. Mass 
transfer by convection within this layer is assumed to be insignificant, and accordingly the 
transport is solely achieved by steady state diffusion. These layers are assumed to flow in a 
laminar, or streamline, motion. The turbulence beyond the thin layers is sufficient to eliminate 
concentration gradients. In the film theory, each layer shows an individual resistance to mass 
transfer. The mass-transfer coefficients,  for gas-side layer and  for liquid-side layer, 
represent the resistances encountered in diffusing through each film respectively. They can be 
calculated using following well-known equations. 
Gk Lk
Figure 2.10: Schematic illustration  
of Film Teory 
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 k  overall gas-liquid mass transfer coefficient [m/s]  
 He  Henry Coefficient [-]  
 
Lk  gas-liquid mass transfer coefficient for liquid-side layer [m/s]  
 Gk  gas-liquid mass transfer coefficient for gas-side layer [m/s]  
 
Because the Henry-Coefficient ( ) is much greater than 1 for difficult soluble gas, and the 
resistance in liquid-side layer is much greater than that of in gas-side layer (i.e. >> ), the 
resistance of gas-side film can be neglected. Therefore the mass transfer coefficient  for 
liquid-side layer is generally used as the overall resistance from gas- to liquid-phase  
He
Gk Lk
)( Lk
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(Bailey&Ollis 1977; Maier 2002), and described by the Eq 2.12. It is directly proportional to 
the diffusion coefficient of a gaseous component in the liquid phase, which in turn 
depends on the physical properties of the liquid phase (i.e. electrolyte concentration, viscosity, 
temperature, etc.). The mass transfer coefficient is inversely proportional to the film 
thickness 
)( GD
)( Lk
)( Lδ  of liquid-side layer as follows, where the diffusion coefficient   can be 
calculated according to Akita et al. (1981). 
)( GD
 
 
L
G
L
D
k δ=  (2.12)
 
 GD  diffusion coefficient of gaseous component into liquid phase [m
2/s] 
 Lδ  film thickness  of liquid-side layer [m] 
 
The rate of mass transfer across the interfacial area is also limited by the specific exchange 
area ( a ) describing the relationship between the surface area ( A ) available for transfer and 
the liquid volume ( ).  It is affected by the flow pattern of the liquid system and the 
operating conditions (Maier&Büchs 2001).  
LV
 
The rate of gas transfer across the interfacial area 
depends either on the driving force of the partial 
pressure difference ( ) in gas-side layer or 
driving force of the concentration differences 
( ) in liquid-side layer (Figure 2.11). In 
practice, it is impossible to measure the interface 
concentrations. Using the concentrations at 
equilibrium conditions instead of interface 
concentrations, this difficulty can be avoided. Therefore the rate of transfer can be described 
by the well-known Eqs 2.13 and 2.14.  
IG pp −
LI
CC −
 Figure 2.11:  Illustration of    
  concentrations in film theory 
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 ( )LGGL ppLakTR −⋅⋅⋅=  (2.14)
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 TR  rate of mass transfer  [mol/l/h]  
 Lk  gas-liquid mass transfer coefficient [m/h]  
 a  specific mass transfer area  [m2 /l]  
 A   exchange surface  [m2]  
 LV  liquid volume  [l]  
 
I
C  gas concentration at liquid-side interface [mol/l]  
 *
L
C  gas concentration in liquid at equilibrium [mol/l]  
 
LC  dissolved gas concentration in liquid [mol/l]  
 
I
P  gas partial pressure in gas-side interface [bar]  
 Gp  gas partial pressure in gas-phase [bar]  
 Lp  gas partial pressure in liquid-phase  [bar]  
 GL  solubility of gas in liquid [mol/l/bar]  
 
Because of elaborate evaluation of “ ” and “ ”, the volumetric mass transfer coefficient 
( ) often serves in practice to describe the gas-liquid mass transfer, respectively the 
efficiency of system. As the actual concentration  and the equilibrium concentration 
( ) of related gaseous component define the driving force for the mass transfer rate, they 
must be accurately calculated or experimentally measured. The actual concentration of a 
dissolved gaseous component can be found by measuring the current oxygen concentration 
with electrodes or chemical methods. According to Henry’s law, equilibrium concentration of 
a gaseous component in a liquid phase is directly proportional to it’s partial pressure in the 
gas phase and can be calculated using Eq 2.15. Ionic strength increases the Henry coefficient 
based on molar concentration and decreases gas solubility.  
Lk a
akL
)( LC
*
L
C
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*
H
p
C G
L
=  (2.15)
 *
L
C  gas concentration in liquid at equilibrium [mol/l] 
 Gp  gas partial pressure in gas-phase [bar] 
 'H  Henry’s law constant based on molar concentration [bar.l/mol)] 
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Penetration Theory (Higbie 1935).  
This theory assumes that the gas-liquid interface 
is made up of small liquid elements, which are 
continuously brought up to the surface from the 
liquid by the turbulence or the flow characteristics 
in liquid phase (Figure 2.12). After contact with 
the gas phase, the fluid elements return to the bulk 
of the liquid and are replaced by another element 
from the liquid phase. Each liquid element, as long as it stays on the surface, may be 
considered to be stagnant, and the concentration of the dissolved gas in the element may be 
considered to be everywhere equal to the bulk-liquid concentration. Mass transfer takes place 
by unsteady molecular diffusion in the various elements of the liquid surface. The contact 
time each element spends at the surface is assumed to be the same. In this theory, the mass 
transfer coefficient ( ) is directly proportional to square root of the diffusion coefficient 
( ) and inversely proportional to the square root of the contact time ( t ) of the element (Eq 
2.16). 
Lk
GD
 Figure 2.12: Schematic illustration 
   of Penetration Theory 
 
 
t
D
k GL ⋅= π2  (2.16)
 
 
Lk  gas-liquid mass transfer coefficient [m/h] 
 GD  diffusion coefficient of gaseous component in liquid phase [m
2/h] 
 t  contact time [h] 
 
 
Surface-Renewal Theory (Danckwerts 1951). 
This theory is an extension of the penetration theory. It is 
only assumed that the liquid elements do not stay for 
same time at interface area and a function for residence 
time-distribution is proposed instead of constant contact 
time as in penetration theory (Figure 2.13). The mass 
transfer coefficient ( ) resulting from this theory is 
proportional to square root of the diffusion coefficient  
Lk Figure 2.13: Illustration of  
Surface-Renewal 
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( ) and the rate of surface renewal ( ) as follows GD s
 
 sDk GL ⋅=  (2.17)
and  
 stest −⋅=)(ψ  (2.18)
 
 
Lk  gas-liquid mass transfer coefficient [m/s] 
 GD  diffusion coefficient of gaseous component in liquid phase [m
2/s] 
 s  rate of surface renewal [1/s] 
 ψ  residence time distribution [1/s] 
 
where the rate of surface renewal ( ) may be regarded as an “average time” of surface 
elements. 
s
 
If we compare three theories;  
except for the calculation of gas-liquid mass transfer coefficient , the film theory can be 
very useful to calculate the film thickness, while the contact time is determined using 
penetration theory. Using surface-renewal theory, surface residence time can be calculated.  
)( Lk
 
Subsequently, further models based on these theories are developed by some researchers. 
Toor&Marchello (1958), for example, proposed the “Film-Penetration Theory” as a 
combination of the film and penetration theories. It assumes that a laminar film exists at the 
interface as in the film theory, where the mass transfer is, however, a non-steady state process. 
Its model is valid only when the surface renewal is relatively rapid. 
 
 
2.3.2.3   Consideration of Oxygen Transfer Rate (OTR) 
 
Aeration, also oxygen transfer, has significant affects on the performance of a microbial 
culture system, particularly on aerobic fermentations where the microorganisms need 
continuous supply of adequate amount of oxygen as a metabolic substrate (Winslow et al. 
1932; Smith&Johnson 1954; Hajny 1964). Many culture applications are limited by aeration 
rate. Two factors are playing a critical role in evaluation of aeration; the rate of oxygen 
transfer into culture liquid and the effectiveness of operating parameters. Although  
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Chain&Gualandi (1954) reported many years ago that the oxygen transfer rate is affected by 
the shaking speeds, it is still underestimated by many microbiologists. The most shakers 
appear to be run at standard speeds, without indication that the conditions used are optimal. 
 
The mass transfer of oxygen into liquid can be characterized by the oxygen transfer rate 
(OTR) or by the volumetric oxygen transfer coefficient ( ).  They have also been 
comprehensively discussed for shaking culture systems by many researchers 
(Henzler&Schedel 1991; Maier&Büchs 2001; van Suijdam et al. 1978; Veglio et al. 1998; 
Veljkovic et al. 1995). The universal Equations 2.13 and 2.14 of gas-liquid mass transfer can 
be transformed for oxygen transfer rate as follows 
akL
 
 ( )LOLOL CCakOTR ,, 22 −⋅= ∗  (2.19)
or  
 ⎟⎠
⎞⎜⎝
⎛ −⋅⋅=
LOGoOL
ppLakOTR
,222 ,
 (2.20)
 
 OTR  oxygen transfer rate [mol/l/h] 
 akL  volumetric oxygen transfer coefficient [1/h] 
 ∗
LOC ,2  oxygen concentration in liquid at equilibrium [mol/l] 
 
LOC ,2  dissolved oxygen concentration in liquid [mol/l] 
 Gop ,2  oxygen partial pressure in gas-phase [bar] 
 LOp ,2  oxygen partial pressure in liquid-phase [bar] 
 
2O
L  solubility of oxygen in liquid  [mol/l/bar] 
 
If equilibrium is reached for mass oxygen transfer rate, where the “ ” and 
“ ”, gas-liquid mass transfer stops and no net transfer occurs. At this point, the 
dissolved oxygen concentration ( ) in culture systems, hence the OTR, is determined by 
the oxygen consumption in the liquid phase and the mass transfer resistances. Then, the 
maximum oxygen transfer capacity ( ) is obtained, when the dissolved oxygen 
concentration in the liquid is close to zero. can be expressed as follows 
LOGo pp ,22 , =
∗= LOLO CC ,, 22
LOC ,2
maxOTR
maxOTR
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 ∗⋅= LOL CakOTR ,max 2  (2.21)
or  
 GoOL pLakOTR ,max 22 ⋅⋅=  (2.22)
 
 maxOTR  maximum oxygen transfer capacity [mol/l/h] 
 
The  can also be applied to compare the efficiency of bioreactors, as well as being an 
important scale-up factor in bioprocess industry. It can quantify the effects of operating 
variables (Gupta&Rao 2003). To gain more knowledge about the mechanism of mass 
transfer, the mass transfer coefficient ( ) and specific mass transfer area ( ) should be 
studied separately. As the liquid sickle rotates, the flask wall is wetted and a thin liquid film is 
distributed on the flask wall. Therefore, two surface areas are offered during the orbital 
shaking for the oxygen transfer; (i) surface of bulk-liquid and the (ii) surface of liquid film 
distributed on the flask wall. In every rotation of sickle, a fresh liquid film is generated, as the 
old film is washed-out. The frequency of replacement of this film plays a significant role in 
the rate of oxygen transfer in shaken flask. Maier&Büchs (2001) evaluated quantitatively the 
impact of film-formation on the oxygen transfer rate by comparing the for 
hydrophobised flask, in which no liquid-film was distributed on the wall, to hydrophilised 
flask, in which the liquid film was formed. They showed that liquid-film formed on the flask 
wall contributes significantly to the specific mass transfer area (a) and to the maximum 
oxygen transfer capacity. Therefore, the overall oxygen transfer rate can be scribed as sum up 
for two surfaces as follows, 
akL
Lk a
maxOTR
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maxOTR  overall maximum oxygen trasnfer capacity [mol/l/h] 
 FOTRmax  maximum oxygen trasnfer capacity of liquid-film [mol/l/h] 
 BOTRmax  maximum oxygen trasnfer capacity of liquid-bulk [mol/l/h] 
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Maier et al. (2004) developed a new model system known as “two sub-reactor” to evaluate 
the oxygen transfer rate in shake flask. In this model, they represent the shake flask as a 
combination of a film reactor simulating film formation on the wall of shake flask and a 
stirred-reactor simulating the gas exchange in the liquid-bulk rotating in shake flask. In this 
model, the specific mass transfer area is calculated by a model developed by Maier&Büchs 
(2001). And the mass transfer into the liquid film is described using Higbie`s penetration 
theory. 
 
The volumetric gas-liquid mass transfer coefficient ( ) and hence the maximum oxygen 
transfer capacity ( ) in shake flask is also affected by the following operating 
conditions:  
akL
maxOTR
 
• Flask shape and size 
• Shaking diameter 
• Shaking frequency  
• Filling volume 
• Material properties of inside surface of flask (hydrophilic or hydrophobic) 
• Physico-chemical properties of the liquid (viscosity, gas solubility, pH... etc.) 
• Temperature 
 
The maximum oxygen transfer capacity of a given system can be increased by increasing the 
shaking frequency and/or shaking diameter, while it is increased by reducing filling volume in 
shake flask and flask diameter. The following proportionality was reported by Maier et al. 
(2001). 
 
 25.127.084.084.0
max ~
−− ddVnOTR oL  (2.24)
 
 
maxOTR  overall maximum oxygen trasnfer capacity      [mol/l/h]  
 n  shaking frequency [1/s]  
 LV  filling volume of flask [m
3]  
 od  shaking diameter (Orbital Shaker) [m]  
 d  maximum inner diameter of flask [m]  
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Liu et al. (2006) has most recently reported a correlation of oxygen transfer with shaker speed 
and liquid volume in flask resulting in the following equation (  in 1/min) akL
 
 80.0
88.0141.0 ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
o
L
L V
VNak  (2.25)
 
 akL  volumetric oxygen transfer coefficient [1/h]  
 LV  filling volume of flask [l]  
 oV  flask nominal volume [l]  
 N  shaker speed [1/min]  
 
 
 
2.4   Overview of Microbial Growth in Shaking Culture 
 
Shaking culture can be considered as any process for the growth of cells in a shaking vessel. 
The mostly cultured microorganisms comprise various species of unicellular bacteria and 
yeast cells, as well as multicellular fungi cells. Beside microorganisms, plant- and animal cell 
cultures provide also an alternative way for biotechnological processes. The microbial growth 
and hence the synthesis of various chemical compounds requires specific chemical 
compounds (substrate) as energy source in growth medium. They obtain energy by the 
oxidation of these substrates, respectively by transferring electron from a donor to an 
acceptor, and can also be classified broadly corresponding to the electron acceptors used in 
the oxidation processes. While the aerobic microorganisms use oxygen as final electron 
acceptor, the anaerobic microorganisms use inorganic substances other than oxygen, such as 
nitrate or sulfur ions. Some of the aerobic microorganism, also known as facultative 
anaerobes, can use organic compounds as a terminal electron acceptor under oxygen limited 
conditions by producing reduced organic compounds (i.e. ethanol, acetate, lactate, butyrate, 
etc.). A microorganism must also posses an electron donor in environment, which serves as an 
initial energy sources. Electron donors can be as diverse as organic compounds (glucose, 
xylose, etc.), inorganic compounds (elemental sulfur, ammonia, hydrogen, etc.), and 
photosynthetic pigments. Besides the kinds and concentrations of substrates, the 
physicochemical properties of growth medium (pH, temperature, osmotic pressure, etc.) and 
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the physical conditions (shaking parameters, flask types, etc.) influence the microbial growth 
and production of the various compounds. 
 
In the first third of the 20th century, observing the microbial growth only on the surface of a 
solid or liquid medium, the dynamic convergences of microbial life such as; adaptation, 
growth, product formation, and the generation times were investigated. In 1933, 
Kluyver&Perquin conducted for the first time a submerged culture of a fungus by ensuring 
aeration and mixing in flask through continuously shaking (Kluyver&Perquin 1933). This was 
the start of shaking culture technique and hence a new era for the cultivation of 
microorganism in suspended solutions. It has encouraged the microbiologist to pay attention 
on the mechanisms and rates of chemical reactions in microbial culture broth, and to 
investigate the kinetics of microbial culture. Inherent in closed system (batch) is that the cell’s 
environment and hence the cell’s composition and physiological state change during the 
cultivation. Using an analogous model to the the Michaelis&Menten`s equations for 
enzymatic reactions, Monod has introduced in 1940s the first principles of the microbial 
growth kinetics for batch systems, i.e. the relationship between the specific growth rate (µ) of 
microorganism and the concentrations of a certain component as substrate (s) (Eq 2.26). The 
further kinetics, such as biomass- and product formation, and substrate utilization, have been 
extended from Monad’s equation for batch systems as follows 
 
Kinetics of microbial growth rate 
 
 
SK
S
s +
⋅= maxμμ  (2.26)
 
 μ  specific growth rate  [1/h]  
 maxμ  maximum specific growth rate [1/h]  
 S  substrate concentration  [g/l]  
 sK  substrate saturation constant ([S] at µmax/2) [g/l]  
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Kinetics of biomass formation 
 
when the endogenous decay of the microorganisms is not taken into account 
 
 X
dt
dX ⋅= μ  (2.27)
 
 X  biomass concentration [g/l]  
 t  time [h]  
 
 
Kinetics of conversion efficiency of substrate into cell material (biomass) 
 
 
dS
dXY SX =  (2.28)
 
 SXY  yield coefficient (g substrate into g biomass) [-]  
 
 
Kinetics of substrate utilization 
 
Substrate utilization can be derived from the Eq 2.28 as follows 
 
 
dt
dX
Ydt
dS
SX
⋅−= 1  (2.29)
 
when the Eq 2.27 and 2.29 are combined 
 
 
qY
dt
dS
X
Y
SX
SX ⋅≅⋅=μ  (2.30)
 
 q  specific rate of substrate consumption [g(X)/g(S).h]  
 
 
Oxygen as Substrate 
Oxygen is a substrate for aerobic growing microorganisms. Its availability in culture broth is 
determined by the oxygen transfer rate into the liquid and the dissolved oxygen concentration 
in culture broth. The dissolved oxygen concentration is proportional to the oxygen 
consumption rate in culture broth, hence the oxygen uptake rate (OUR) of the 
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microorganims. The oxygen transfer rate at equilibrium, when the yield coefficient (
2OX
Y ) is 
constant, can be correlated with the oxygen uptake rate, which in turn is proportional to the 
growth rate (Eq 2.31). 
 
 X
Y
OUR
OX
⋅⋅−= μ
2
1  (2.31)
 
 OUR  oxygen uptake rate [mol/l/h]  
 μ  specific growth rate [1/h]  
 X  biomass concentration [g/l]  
 
2OX
Y  yield coefficient (oxygen into biomass) [g(X)/mol(O2)]  
 
The microbial growth is determined with double substrate kinetic as follows 
 
 
2
max
OL
L
s
KC
C
SK
S
+⋅+⋅= μμ  (2.32)
 
 μ  specific growth rate  [1/h]  
 maxμ  maximum specific growth rate [1/h]  
 S  substrate concentration  [g/l]  
 sK  substrate saturation constant ([S] at µmax/2) [g/l]  
 
L
C  dissolved oxygen concentration [mol/l]  
 
2O
K  Saturation constant for oxygen [mol/l]  
 
 
Kinetics of product formation 
 
Microorganisms exhibit an extremely wide variety of metabolic activities and hence the 
production of various compounds. They produce many substances that are essential for their 
growth, such as nucleotides, nucleic acids, amino acids, proteins, carbohydrates, lipids, etc., 
or by- products of energy yielding metabolism such as ethanol, acetone, butanol, etc. These 
growth-linked products are usually called primary metabolites. They also produce a number 
of products such as antibiotics that have no obvious role in growth metabolism of the culture  
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organisms, called secondary metabolites (non-growth-linked products). Kinetic of product 
formation by microbial cultures is differentiated depending on the growth-linked products or 
non-growth-linked products. 
 
Growth-linked Production 
The formation of a growth-linked product is related to the biomass production as follows 
 
 
XPYdX
dP =  (2.33)
 
 P  concentration of products [g/l]  
 X  concentration of biomass [g/l]  
 XPY  yield coefficient (g product per g biomass) [-]  
multiplying Eq 2.33  by  (
dt
dX ), the following equation is obtained 
 
 XY
dt
dP
xp ⋅⋅= μ/  (2.34)
 
 
Non-growth-linked Production 
The product formation is determined by the specific rate of production, and the concentration 
of substrate required for product formation as following 
 
 
p
PP KS
Sqq +⋅= max  (2.35)
 
 Pq  specific rate of product formation [g(P)/(g(X)/h]  
 
maxP
q  maximum specific rate of product formation [g(P)/(g(X)/h]  
 S  substrate concentration  [g/l]  
 PK  substrate saturation constant [g/l]  
 
The non-growth-linked production is related to the specific rate of product formation. 
 
 Xq
dt
dP
p ⋅=  (2.36)
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Eq. 2.29  for substrate utilization can be extended for the non-growth-linked production as 
follows 
 
 
Xq
Y
X
Ydt
dS
P
SPSX
⋅⋅+⋅⋅= 11 μ  (2.37)
 
 SXY  yield coefficient (g substrate into g biomass) [-]  
 SPY  yield coefficient (g substrate into g product) [-]  
 
In shake flask experiments, Monod’s model satisfies the main requirements. However, several 
researchers have reported that not all experimental data could be reasonably well fitted by 
Monod`s equation for growth rate. His model has undergone numerous modifications to 
account for various phenomena that are relevant in specific applications (Contois 1959). 
Nevertheless, these equations failed to gain any recognition as standard models because of 
their entirely ad hoc nature (Panikov 1995). Pirt (1965) indicated that the Monod`s equation 
does not consider the fact that the cells may need substrate even when they do not grow and 
modified his model by introducing the terms of maintenance rate. 
 
Inherent in Batch system is that the cell’s environment and hence the cell’s composition and 
physiological state change during the cultivation (Kovarova&Egli 1998). Six various sections 
of typical growth curve in Batch system have been exhibited. 
 
1. Lag-Phase (µ = 0)  Microorganisms and environment in physicochemical  
equilibrium  
 
2. Acceleration (µ  µ<< max) Growth starts to occur 
 
3. Log-Phase (µ = µmax) Exponential growth  
 
4. Decline (µ < µmax) Limited growth by substrate availability 
 
5. Stationary (µ << µmax) No growth due to substrate depletion 
 
6. Death (µ < 0) Loss of viability 
 
 
A microbial growth is the overall reaction of many metabolic reactions. Although the 
relationship between the reactions is complicated, there are certain predictions that the overall 
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stoichiometry has to satisfy at all times. Incorporating the growth kinetics ( SPY , SXY ) and the 
specific cell compositions, a mass balance in microbial growth can be represented as 
 
(2.38)
⎯⎯⎯⎯ →⎯⋅+⋅+
−−
ismMicroorgan
Oxygen
O
SourceN
hgfeN
SourceC
dcba ONOHCNOHC
48476444 8444 7648476
2)()( 2νν  
 44342143421444 3444 21444 344 21
Water
OH
idCarbondiox
CO
oduct
ponmP
Biomass
lkjiX OHCONOHCNOHC 22
Pr
)()()()(
22
⋅+⋅+⋅+⋅ νννν  
 
where 
roductP
Substrate
SXX MW
MWY ⋅=ν  
roductP
Substrate
SPP MW
MWY ⋅=ν  
hdpl PXN /)( −⋅+⋅= ννν  
)(
2
miea pXNCO ⋅−⋅−⋅+= νννν  
2/)(
2
njfb pXNOH ⋅−⋅−⋅+= νννν  
2/)2(
222
gcok NOHCOpXO ⋅−−+⋅+⋅+⋅= νννννν  
 
 MW  molecular weight [-]  
 
For the aerobic cultivation of microbial strains, a general advice in practice is to use a culture 
volume as 10% of the total flask volume, a shaking frequency of 300 1/min, and a shaking 
diameter of 50 mm. However, the definition of optimum culture condition in shake flask is 
problematic, even if some standard procedures exist without indications that the condition 
used is optimal. Therefore, each set up for microbial culture must be considered individually. 
The characteristics of shaking culture were widely investigated in terms of working 
conditions (Smith&Johnson 1954; Schultz 1964; McDaniel et al. 1965a; Calam 1986), as 
well as many particular aspects such as modelling of oxygen transfer (Henzler&Schedel 1991; 
Maier&Büchs 2001), liquid-solid mass transfer (Rhodes&Gaden 1957), influence of geometry 
on culture performance (Gaden 1962; McDaniel et al. 1965b; Kato&Tanaka 1998), power 
consumption (Büchs et al. 2000a, 2000b, 2001) hydromechanical stress (Peter et al. 2005) 
and the affects of wall-growth (Hamer 1981). Some of the results in literature can be 
summarized as follows. 
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Growth of aerobic microorganisms requires large aeration for complete substrate utilization 
for building of cell mass. Although higher oxygen transfer rates can be achieved with shake 
flasks than with standing cultures, oxygen transfer limitations will still be unavoidable. At the 
same time the concentration of substrate must be kept at a reasonable level as higher or lower 
concentrations may affect the direction of metabolism. After investigation of the influence of 
oxygen supply on the yield of an extracellular product (penicillin) by Karow et al. (1953), 
numerous studies were reported to identify the effects of oxygen supply on microbial cultures. 
Strohm et al. (1959) reported the maximum cell yield to be limited by the rate of oxygen 
supply, while Gelinas&Goulet (1991) reported that a decrease in the availability of oxygen in 
the broth medium caused cell morphology damage to Baker’s yeast. Therefore, the limitation 
of oxygen renders the organism incapable of producing enough energy for growth or they use 
an alternative pathway to obtain the required energy leading to drastic effects on fermentation 
kinetics (Rose&Harrison 1987; Clark&Langley 1995). Zhang et al. 2005 has reported that 
bacterial and fungal microorganisms require oxygen transfer rate typically in the range of 50-
250 mmol/l/h, corresponding to volumetric mass-transfer coefficients, kLa, in the range of 
250-400 1/h.  Therefore, poor mixing and dissolved-oxygen limitation in shake flasks may 
limit the performance of a culture.  
 
Many cultures present special problems in shaking flasks due to growth on the flask walls. A 
typical microbial culture may run just a few days to a week. The longer the run, the greater 
the risk of growth on the flask wall exists. The wall growth can pass into the well mixed 
culture broth. Different metabolism and characteristics of surface growth can affect normal 
growth processes in culture broth, which results in that a variable stochiometry occurs at 
different points of the culture. 
 
Kinetics of microbial growth in a continuous flow culture system will be discussed in the 
following article. 
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3 
 
 
Fundamentals of 
Continuous-Flow Culture 
 
 
 
 
 
The culture systems, discussed so far for microbial growth, are called batch cultures. Because 
the nutrients are not renewed, exponential growth is limited by substrate availability in closed 
(batch) system to a few generations in Log-phase. However, in a continuous-flow culture 
system, an equilibrium concentration of the substrate is established. This allows the culture to 
grow, depending on the flow rate of the substrate, at a constant growth rate for a long period 
of time and, hence, the same physiological state under stable environmental conditions. 
Therefore, in an ideal continuous culture, more precise, reproducible, and statistically relevant 
data can be collected than those obtained from batch cultures (Baloo&Ramkrishna 1991).  
 
Chemostat, among other continuous-flow systems, is the mostly used system for continuous-
flow culture, in which the microorganisms are cultured continuously at a constant density. In 
a chemostat, the growth vessel is connected to a reservoir of sterile medium. Once growth is 
initiated, fresh medium is continuously supplied at a rate that limits the microbial growth. The 
volume of fluid in the growth vessel is maintained at a constant level by some sort of 
overflow or pump mechanisms. The rate of addition of the fresh medium determines the rate 
of growth because the fresh medium always contains a limiting amount of an essential 
nutrient.  
 
A constant feed rate (  leads after an adaptation period to constant concentrations of 
substrate (S) and biomass (X) in the culture vessel and therefore the conditions of steady-state 
(
)F
0=
dt
dX  and 0=
dt
dS ) are achieved. Dilution rate (D) is the ratio of the feed rate ( ) and the 
culture volume ( ) and represents under the assumption of a steady-state condition one of 
F
L
V
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the most important parameters for a continuous culture since it follows that specific growth 
rate (μ  = ). Steady-state conditions can be obtained for dilution rates ranging from zero to 
the critical dilution rate (D
D
c). In practice, Dc is the dilution rate where the culture is washing-
out and the biomass concentration is zero, i.e. the cells are removed more rapidly from the 
culture vessel than they are reproduced by growth. Therefore, a continuous culture is a self-
regulating system in which the equilibrium of growth rate and dilution rate becomes 
independent of time and a diagram for biomass (X), substrate (S), and productivity (P=X.D) 
versus dilution rate gives valuable informations about a microbial culture as in Figure 3.1. 
 
 
Figure 3.1:   Influence of changing in the concentration of the feeding substrate (So), the maximum specific 
growth rate (µmax), the yield coefficient (Yx/s), the maintenance coefficient (m), and the substrate saturation 
constant (Ks) on the typical X-D Diagram. Shadows are representing the reference values of diagram 
(a).Variations are donated with stair (*).  
 
 
Chapter 3.   Fundamentals of Continuous-Flow Culture 
   
55
 
The growth of any strain in a continuous-flow system is commonly determined by four 
microorganism-specific parameters, namely maximum specific growth rate (µmax), substrate 
saturation constant (Ks), maintenance coefficient (m) and yield coefficient (YX/S). These four 
parameters vary with different media as well as with different organisms. In Figure 3.1, 
plotting a typical diagram for the X, S, and P versus dilution rate (a), the influence of changes 
in the concentration of ingoing substrate (SO) (b), maximum specific growth rate (c), yield 
coefficient (d), maintenance coefficient (e), and substrate saturation constant (f) are 
represented. 
 
The kinetics of microbial growth in a chemostat were first investigated by Monod (1950) and 
can be summarised as follows 
 
Biomass Balance  
 
 XDX
dt
dX ⋅−⋅= μ  (3.1)
  increase in biomass  = growth -  output 
 
 X  biomass concentration [g/l] 
 μ  specific growth rate  [1/h] 
 D  dilution rate [1/h] 
 
where μ  can be estimated using Equation 2.26. 
 
Substrate Balance
 
 
X
Y
SDSD
dt
dS
SX
⋅⋅−⋅−⋅= μ1
0
 (3.2)
           net increase  = input -  output -  substrate metabolized 
 
 S  substrate concentration in overflow [g/l] 
 
0
S  substrate concentration in feed stock [g/l] 
 
SX
Y  yield coefficient  [g(X)/g(S)] 
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when the steady-state conditions ( 0=
dt
dX , 0=
dt
dS ) are achieved, it follows that 
 
 
0)(
0
=⋅−−⋅
SX
Y
XSSD μ  (3.3)
 
Replacing μ  with Eq 2.26 yields 
 
 
0
)(
)(
max0
=+⋅
⋅⋅−−⋅
SKY
XSSSD
sSX
μ  (3.4)
 
Applying Eq 2.28, respectively substituting X  for )(
0
SSY
SX
−⋅ , we obtain: 
 
 
)(max SK
XSXD
s
+
⋅⋅=⋅ μ  (3.5)
 
which can be transformed into 
 
 
)(
max
D
K
DS s−⋅= μ  (3.6)
 
when in Eq 3.3  is expressed by Eq 3.6 and S D=μ , it follows that: 
 
 
)(
max
0 D
KD
SYX s
SX −
⋅−⋅= μ  (3.7)
 
Equations 3.6 and 3.7 permit the evaluation of X  and  at any dilution rate if the system 
parameters , 
S
s
K
max
μ  and 
SX
Y  are known. 
 
In addition, the maximum specific growth rate (
max
μ ) can be determined at critical dilution 
rate (Dc) where the substrate concentration (S) equals to the ingoing concentration of substrate 
(So). If S in Eq 2.26 is substituted by So, the critical dilution rate can be calculated as follows 
 
 
)(
0
0
max
s
c KS
S
D +⋅== μμ  (3.8)
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Product Balance 
In steady-state condition,  0=
dt
dP  is obtained. The following Equation 3.9 can describe the 
product formation for growth-linked products.   
 
 PD
dt
dXY
dt
dP
SP
⋅−⋅=  (3.9)
 
 P  concentration of products [g/l] 
 XPY  yield coefficient [g(P)/g(X)] 
 
For the non-growth-linked products; 
 
 PDXq
dt
dP
p
⋅−⋅=  (3.10)
 
 Pq  specific rate of product formation [g(P)/(g(X)/h] 
 
p
q  can be estimated from Eq 2.33. 
 
Monod`s model provides a good description of the variation of biomass- and substrate 
concentration with dilution rate. However, this model can show deviations. This deviation can 
have many reasons, such as the influence of wall growth or poor mixing, or strain specific 
metabolic regulations. Pirt (1975) reported on the unusual behaviours of microorganisms at 
low dilution rates. The slow supply of substrate limits the growth of cells and the available 
energy is then predominantly used for the maintenance. Baloo&Ramkrishna (1991) indicated 
that if a culture growing at a very slow rate is subjected to a sudden increase in substrate 
concentration, microorganisms are unable to metabolize all the substrate. They must first 
synthesize all the components required to support a higher growth rate. Therefore the transient 
between the different dilution rates must be moderately adjusted. 
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4 
 
 
Materials 
and Methods 
 
 
 
 
 
 
4.1   250-mL Erlenmeyer Flask 
 
Erlenmeyer flasks have a conical base and cylindrical 
neck. It is made of Borosilicate glass (70% silica, 10% 
boric oxide, 8% sodium oxide, 8% potassium oxide, and 
1% calcium oxide). Borosilicate glass has a very low 
thermal expansion coefficient (3.3 10-6 K-1 at 20-30 °C), 
making it a popular material for the applications requiring 
heat sterilization as in culture equipments. 
 
Standard Erlenmeyer flask with a nominal volume of 250
flasks for the cultivation of microorganisms. The growth vessel of the novel system will be 
also based on the geometry of a 250-ml Erlenmeyer flask. 
-ml is a widely used type of this 
Figure 4.1:  250-ml  
Erlenmeyer flask (DIN 12380) 
 
 
4.2   Materials Considered for Construction  
 
Following Table 4.1 is covering the materials and their relevant properties considered for the 
construction of the novel culture system. The choice can be based on the mechanical, thermal, 
transparency, and economical constraints of the material. Due to the aseptic requirements, 
they must be sterilizable in an autoclave (at 121 °C for 20 minutes at 1.2 bar.) and particularly 
the heat-induced expansion of materials must be taken into account. During thermal 
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expansion, every dimension increases with an increase in temperature, including holes. 
Without the consideration of thermal expansion in construction, particularly in construction of 
objects made of materials representing different coefficients of thermal expansion, the object 
may buckle or may brake up. Over temperature ranges, the nature of thermal expansion leads 
to expansion relationships for length, area and volume as follows. The specific thermal 
expansion indexes of materials used in construction of new bioreactor system are listed in 
Table 4.1.  
 
 
linear expansion TL
L Δ⋅=Δ α
0
 (4.1)
 
 
area expansion TA
A Δ⋅=Δ α2
0
 (4.2)
 
 
volume expansion TV
V Δ⋅=Δ α3
0
 (4.3)
 
 α  thermal expansion coefficient [1/ °K]  
 TΔ  temperature change  [°K]  
 
0
L  original length of object [m]  
 LΔ  length change [m]  
 
0
A  original area of object [m2]  
 AΔ  area change [m2]  
 
0
V  original volume of object [m3]  
 VΔ  volume change [m3]  
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Table 4.1:   Specific properties of autoklavable materials considered in construction of the novel culture 
system (Source: Faigle Kunststoffe GmbH and research in internet) (PP-Polypropylen, PTFE-
Polytetrafluorethylen, PEEK-Poly-ether-ether-ketene, PC-Polycarbon, PSU-Polysulfon)  
 
Application 
temperatur 
Coefficient of 
thermal expansion Material Density Cost level 
 (up to) (20-80 °C)   
-6
 
 
4.3   0.5 M Sulphite System  
 
Characterization of the oxygen transfer capacity of culture vessels, respectively oxygen 
transfer rate (OTR) was conducted using the cobalt-catalyzed sulphite oxidation method 
described in Literature (Hermann et al. 2001; Maier et al. 2001). Cooper et al. (1944) were 
the first to describe the determination of oxygen transfer rates in vessels by oxidation of 
sodium sulphite solution. This technique does not require the measurement of dissolved 
oxygen concentration but relies on the rate of conversion of a 0.5 M solution of sodium 
sulphite to sodium sulphate in the presence of a copper or cobalt catalyst. This sodium 
sulphite solution can simulate a fermentation broth and it is a useful tool if the task is to 
compare different culture vessels at different technical parameters. The test vessels were  
 
[°C] [10 / °K] [g/cm3] [-] 
Borosilicate-Glass +520   3.3  2.23  + 
Quartz-Glass +1200   0.54  2.2  ++++ 
Stainless Steel +1400   13  8  + 
Aluminium +660   23.1  2.7  + 
PEEK +260   47  1.32  ++++ 
PSU +160   56  1.24  +++ 
PC +110   65  1.2  ++ 
PP +100   110  0.91  + 
PTFE +260   125  2.18  ++ 
Silicon Peroxide +238   3  2.3  ++ 
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filled with defined liquid volumes of a standard solution of 0.5 Molar sulphite. The sulphite is 
oxidized to the more acidic sulphate in the presence of oxygen (Eq. 4.4), which leads to a 
drop of pH at the end of the oxidation. The decrease in pH is visualized by the color change of 
bromothymolblue, as a pH-indicator. The oxygen enters into the solution and is immediately 
consumed in the oxidation of sulphite, so that the sulphite oxidation rate is proportional to the 
oxygen-transfer rate. Therefore, OTR is proportional to the length of the reaction time for the 
conversion of all sulphite to sulphate and can be calculated using Eq 4.5. The kLa may then be 
calculated giving the OTR values obtained from Eq 4.5 into the Eq 2.19. 
 
 −− ⎯⎯ →←⋅+ + 2
42
2
3
2
2
1 SOOSO Co  (4.4)
 
 
r
OSONa
t
C
OTR 232
ν⋅
=  (4.5)
 
 OTR  oxygen transfer rate [mol/l/h]  
 
32SONa
C  sodium sulfite concentration  [mol/l]  
 
2O
ν  stoichiometric coefficient for oxygen [-]  
 
r
t  reaction time for the complete oxidation [h]  
 
Within the framework of this project, all experiments were carried out using the 0.5 M 
Sulphite-Method as described in Hermann et al. 2001. It is composed of 0.5 M sodium 
sulphite (Na2SO3), 10-7 M cobalt sulphate (CoSO4), 2.4 10-5 M bromothymolblue, and 0.012 M 
phosphate buffer (Na2HPO4/NaH2PO4, pH=8).  The initial-pH is adjusted with 30% sulphuric 
acid to 8.0. 
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4.4   On-line Measurement of Oxygen Transfer Capacity 
 
On-line measurement of the oxygen transfer capacity of a culture 
was performed in the Respiratory Activity Monitoring System 
(RAMOS) described in Anderlei&Büchs (2001). In this device, 
the cultivations were conducted in specially designed measuring 
flasks, ensuring hydrodynamics and gas phase conditions 
identical to those in normal cultures in Erlenmeyer flasks. This 
method is based on the measurement of decline of the gaseous 
oxygen partial pressure in culture vessels and incorporated into 
the calculation of the OTR [mol/l/h].  
 
 
4.5   Biological Systems 
 
Three microbial model systems exhibiting a change in the direction of metabolism depending 
on the substrate and oxygen concentrations are used to validate the new culture system. An 
overall procedure of a continuous-flow fermentation composed of preservation, inoculum, 
pre-culture, growth in batch mode, and growth in continuous-flow manner was conducted for 
each strain.  
 
 
4.5.1 Saccharomyces cerevisiae (ATCC 32167) 
Figure 4.2: RAMOS  
 
S. cerevisiae is a species of budding yeast and probably the most important microorganism to 
mankind due to its historic role in bread and ethanol production. The versatile nature of S. 
cerevisiae can be illustrated by listing some of its many application areas: Beverage products, 
baker’s yeast for bread production, heterogonous protein production, biotransformations, 
flavor components, single cell protein for feedstock enrichment, bioethanol, glycerol, 
invertase, glucoamylase and food additives (Burden&Eveleigh, 1990; Münch et al. 1992). 
 
In the catabolism, sugars are taken up and catabolised into low weight precursor metabolites 
with simultaneous production of energy (ATP) and redox equivalents. The precursor 
metabolites are subsequently used as building blocks in the anabolism for synthesis of cell  
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material. The glucose uptaken is first phosphorylated to Glucose-6-Phosphate via one of three 
isoenzymes with different substrate specificity: Hexokinase PI, hexokinase PII, or 
glucokinase. Hexokinase PII has been identified as a key enzyme in the glucose repression 
(Entian 1997). The glycolysis is the sum of all pathways by which glucose-6-phosphate is 
converted into pyruvate. 
 
S.  cerevisiae can grow under dual limitation of oxygen and sugar. Under aerobic conditions, 
it exhibits two distinct growth regimes. During the cultivation at low glucose concentration, 
the end product of the glycolysis, pyruvate, is dissimilated through the TCA cycle and the 
growth is referred to as oxidative (respiratory), resulting in production of carbon dioxide and 
the redox equivalents (FADH2 and NADH) (Figure 4.3). High concentrations of glucose 
induce the carbon catabolite repression response, resulting in low levels of transcription of 
genes involved in respiration and in the tricarboxylic acid (TCA) cycle. In this case, S. 
cerevisiae dissimilate the pyruvate in the fermentative pathway to ethanol via acetaldehyde. 
When the glucose concentration is above a certain value, growth is referred as oxido-
reductive (respiro-fermentative). This switch-on is called Crabtree effect (Gancedo 1998). As 
this microorganism can also grow under limited-oxygen conditions, oxygen is a key 
parameter determining the rate of ethanol and biomass production. Under limited-oxygen 
concentrations, the ethanol formation is also observed at lower glucose concentrations 
(Sonnleitner&Kappeli 1986, Visser et al. 1990).   
 
 
 
Figure 4.3: Simplified glucose metabolism of S. cerevisiae (Phd: Pyruvate dhydrogenase, Pdc: Pyruvate 
decarboxylase, Acdh: Acetaldehyde dehydrogenase, Acs: Acetyl-CoA synthetase, Adh: Alcohol 
dehydrogenase) 
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4.5.2   Corynebacterium glutamicum (ATCC 13032) 
 
Corynebacterium glutamicum plays a dominant role for the microbial production of L-
glutamate and L-lysine. Particularly, L-lysine is of high industrial interest as essential amino 
acid in animal nutrition. It is added to feed concentrates. L-glutamate is widely used as taste-
enhancing additive. It has to be noted that the production of amino acids in the fermentative 
processes with C. glutamicum currently amounts to 1.500.000 tons of L-glutamate and 
550.000 tons of L-lysine per year (Wendisch 2005), in comparison to 1.000.000 tons and 
400.000 tons respectively in 2001 (Kircher&Pfefferle 2001). 
 
 
 
Figure 4.4:  Simplified metabolic network of C. glutamicum (C-Sources: A glucose (glucolysis), B lactate 
(anaerobic fermentation), C acetate) (Basic metabolic patways: 1 TCA, 2: anaplerotic reactions, 3: 
anaerobic reaction)  
 
Corynebacterium glutamicum is a facultative anaerobic bacterium and can utilize glucose, and 
organic acids (lactate, acetate) as carbon sources. In metabolism, various enzyme reactions 
directing metabolic fluxes to different biosynthetic pathways can take place. However, three 
basic nodes are exhibited in its metabolic network (Figure 4.4); (1) tricarboxylic acid cycle 
(TCA) for the aerobic oxidation of C-sources and subsequently the production of amino acids, 
(2) the anaplerotic reactions, which replenish the metabolite of TCA, used for the production 
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of amino acids such as lysine and glutamate, to ensure the continuity of TCA cycle 
(Eggeling&Sahm 1999), and (3) anaerobic growth, i.e. oxygen deprivation leads to anaerobic  
 
growth of C. glutamicum, resulting in the formation of organic acids, such as lactate or 
succinate, form glucose (Okino et al. 2005). 
 
 
4.5.3   Pichia stipitis (CBS 5774) 
 
Ethanol production from renewable plant biomasses containing pentose sugars (specifically 
D-xylose) gains more and more attention of industry. Typical D-xylose fermentation of yeasts 
leads to the accumulation of xylitol as by-product in the culture broth, which is not desirable.  
Pichia stipitis can convert both hexose and pentose sugars with relatively high rate of ethanol 
yields under low oxygen levels and produces no xylitol (Regueira et al. 1990). Therefore, it is 
an interesting yeast for industry. In this study, P. stipitis is grown on glucose, to provide 
analogy with the experiments of S. cerevisiae, which can not utilize xylose as carbon source.   
 
In contrast to the Crabtree-positive yeast S. cerevisiae, the enzymes pyruvate decarboxlase 
and alcohol dehydrogenase of the Crabtree-negative P. stipitis are regulated independently of 
the glycolytic flux (Passoth et al., 2003). It exhibits predominantly respirative metabolism 
even at high glucose concentration due to its relatively high activities of acetaldehyde 
dehydrogenases and acetyl coenzyme-A synthetase. In case of oxygen deprivation, a stress 
situation for the P. stipitis cells is exhibited and the ethanol formation occurs (Van Urk et al. 
1990). 
 
 
4.6   Analytical Methods 
 
Standard analytic techniques were applied to quantify the culture inputs and outputs for any 
given time during batch and continuous cultivations. The concentration of biomass was 
determined by optical density at 600 nm (UVIKON 922, Kontron Instruments). For the 
determination of cell dry weight, double samples were centrifuged for 20 min at 4000g. The 
pellet was washed two times, and the biomass was dried for 24 h at 105°C and weighed. Cell-
free extracts were kept at -20°C. The concentrations of educts were quantified using high-
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performance liquid chromatography (HPLC) (Dionex Softron) adjusting following 
operational parameters: 
 
 
 
 
• mobile phase: 1 mM H2SO4  
• stationary phase: organic acid resign (7907-99) 
• column temperature: 30°C 
• pressure: 60 bar 
• eluant flow: 0.6 ml/min 
• sample volume: 20µl 
• UV Detektor: 
1
λ : 200 nm, 
2
λ : 210 nm, 
3
λ : 220 nm, 
4
λ :300, 
ref
λ : 600 nm 
• refractive index: 30s. 
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5 
 
 
Principle of Continuous 
Parallel Shaken Bioreactor System and 
Prototype-I 
 
 
 
 
 
Continuous cultivation compared to conventional batch operation offers the advantages of 
constant environmental conditions for biological reactions. Despite the advantages, 
continuous culture bioreactors with conventional technology are due to their complex set up 
and large working volume inappropriate for a wide application of continuous-flow 
fermentation in laboratories. Experimental time is long, and large quantities of medium are 
required. Another barrier to employing continuous fermentation is the difficulty of 
quantitatively reproducing biological experiments in subsequent experiments. Results from 
different operating conditions can more easily be compared to each other if they are obtained 
from simultaneously operated multiple parallel vessels. With conventional technology the 
operation of more than one or two continuous reactors hardly seems possible. 
 
Conventional continuous-flow systems are usually based on stirred tank or plug flow vessel. It 
is aimed in this project to develop a novel continuous-flow bioreactor system in small scale 
based on shaking technology, exploiting the advantages of shake flasks of easy handling, a 
parallel applicability, and reduction of overall expenses. In shake flasks, mixing and energy 
input are provided by the rotating centrifugal force without requiring any specific device 
attached to each of the shaken bioreactors operated in parallel. In the case of unbaffled shaken 
bioreactors, an absolutely regular rotating liquid flow is generated with a well-defined and 
predictable geometry. Consequentially, it is of practical interest to combine the advantages of 
shaken culture technology with continuous operation.  
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5.1   Continuous Parallel Shaken Bioreactor System 
 
In this chapter, the principle and mechanical construction of continuous parallel shaken 
bioreactor system, as well as the experiments conducted for the technical characterization and 
biological validation of the novel system are described. 
 
5.1.1   Principle and Set-up of CosBios-I 
 
The principle of the continuous parallel shaken bioreactor system (CosBios) introduced by 
Büchs et al. (1999) is schematically shown in Figure 5.1. In order to differentiate the first 
prototype from the following improved prototype, it will be called CosBios-I. CosBios-I 
consists of a specially modified 250-ml shake flask and common laboratory elements (pump, 
reservoir bottles, shaker, etc.). In operation, the substrate is continuously delivered to the 
culture vessels by a multi-channel peristaltic pump. The aeration rate is adjusted by a gas flow 
controller, and the air is pre-humidified. When the maximum liquid height reaches the edge of 
the outlet as a result of the rotational shaking movement, the fermentation broth is accelerated 
into the outlet by centrifugal force. The excess fermentation broth and exhausted gas leave the 
culture vessel through the same overflow tube. Thus, the overflow of excess fermentation 
broth is continuously driven by the exhausted gas. This action keeps the culture volume in the 
reactor at a constant level. The circulating motion of the fermentation broth induces sufficient 
mixing and aeration similar to that of a conventional shake flask. 
 
 
 
Figure 5.1:   Setup of the continuous parallel shaken bioreactor system (CosBios-I). 
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Because of the small scale and the simple handling it is possible to operate four parallel 
continuous cultivations on a single shaker. Different dilution rates for each vessel can be 
attained by using bioreactors with different outlet heights and/or tubes with different 
diameters on a single multi-channel peristaltic pump. This allows continuous fermentation 
experimentation with various liquid flow rates simultaneously in a single operation. It is also 
possible to run several parallel bioreactors at the same dilution rate to compare different 
strains or different media. The whole system, including all fittings and tube connections, can 
be sterilized in an autoclave for 20 min. at 121 °C and 1.2 bar.  
 
 
5.1.2   Construction Elements of CosBios-I 
 
As the central element of CosBios-I, a standard 250-ml Erlenmeyer flask  (Figure 5.2a) was 
modified to become a continuous-flow culture vessel, with two inlets, one for substrate supply 
and one for air supply, and one outlet for the overflow of fermentation broth and exhausted 
gas (Figure 5.2b). The upper part of the shake flask was replaced by a standard GL32 glass 
tube with thread. A steel plate was fixed to this with a polypropylene screw cap and then 
sealed with a silicon ring (Figure 5.2c). The steel plate holds a capillary tube (Øi = 1 mm) for 
the liquid substrate supply as well as a sterile filter for the air supply. The air filter consists of 
a Teflon chamber (Øi = 9 mm) with a tube connector at the top and a perforated plate at the 
bottom. The chamber is filled with cotton (Figure 5.2d).  
 
 
 
 
Figure 5.2: (a) A normal 250-ml Erlenmeyer flask, (b) modified form of Erlenmeyer flask for the CosBios-
I, (c) overall drawing of the reactor vessel of CosBios-I, and (d) the cover. 
 
The substrate supply tube extends 90 mm into the shake flask, so that the substrate drips 
directly into the rotating fermentation broth. To allow the overflow of excess fermentation  
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broth as well as the exit of exhausted gas, an outlet tube of 1 mm inside diameter is melted on 
the side face of the flask. The filling volume of the flask is mainly determined by the height of 
this outlet, tubes diameter used for substrate supply, and the operating conditions. To enable 
inoculation and sampling of the shake flask, an opening with glass thread GL 14 was melted 
onto the side. The whole system was mounted on a Lab-Shaker LS-W (Adolf Kühner AG) 
with adjustable shaking diameters of 50, 25, and 12.5 mm.  
 
For the adjustment of the desired aeration rate a precision pressure controller (FDR. 02 B2, 
Wika Alexander Wiegend GmbH & Co.) and thermal mass flow controllers (F-210C-FB, 
Bronkhorst High Tech B. V.) are used. They are connected with air-impermeable Tygon R 
3603 plastic hoses (Øi = 3.2 mm, Norton Performance Plastic) to the humidifier and the 
bioreactor. Autoclavable silicon-peroxide hoses (Ismatec Laboratoriumstechnik GmbH) are 
used with an inside diameter of 1 mm for substrate supply and with an inside diameter of 2.06 
mm for medium overflow and exhaust gas. The substrate feed rate is adjusted by a multi-
channel peristaltic pump (IPC –N 8, Ismatec GmbH). This pump offers a range of pumping 
rate between 0.0004 – 11 ml/min. Hoses with various internal diameters (Ismaprene, Ismatec 
Laboratoriumstechnik GmbH) are used to obtain different medium flow rates, hence different 
dilution rates, for different bioreactors. For the determination of uniformity of the continuous 
operation the feedstock and harvest bottles are placed on a balance (Scaltec SBC 51, Scaltec 
Instruments GmbH). The data are taken up by a PC with the help of data acquisition software 
(Collect/W Jr. for Windows, Labtronics Inc.) 
 
 
 
5.2   Overview of Experimental Set-Up 
 
5.2.1   Technical Characterization 
 
When the geometry of the novel bioreactor vessel is assumed to be constant, the working 
liquid volume in a vessel is determined by operational parameters and plays a decisive role for 
the determination of dilution rate. Thus, the consistency of working volume and the influence 
of operational parameters on filling volume are investigated. For the technical 
characterization of the novel bioreactor system, the steadiness of liquid medium flow and the 
influences of aeration rate, substrate feed rate, shaking frequency, and shaking diameter on  
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filling volume were examined. In one example the measured values were compared with 
model calculations. 
 
In all experiments of the technical characterization, the simple complex medium for the 
cultivation of S. cerevisiae was used as test liquid (Chapter 4.5.1). The experiments were 
conducted in a thermo constant room at 30 °C.  Because the outlets of the reactor vessels in 
CosBios-I could only be placed on the flask-side using melting technology, the outlet heights 
of the vessel can vary in millimeter and must be measured individually for each bioreactor. 
The operational parameters applied in the experiments for technical characterization of the 
system are summarized in Table 5.1  
 
 
 
Table 5.1:   Overview of operational parameters of experiments in the technical characterization. 
 
 
Operational Parameters 
 
 
 
Room temperature 
 
 30 °C 
 
 
Test liquid 
 
 Simple complex medium (Chapter. 4.5.1) 
 
 
Height of outlets in vessels 
 
 23.2;  29.1;  30.1;  33.6;  36.2;  39.6; 42.0 mm 
 
 
Shaking frequencies 
 
 100; …….; 375 1/min 
 
 
Shaker diameter (Orbital) 
 
 12.5;  25;  50  mm 
 
 
Substrate feeding rates 
 
 
 
Vary depending on the combination of hoses 
and pump rate (Table 5.2) 
 
 
 
Aeration rates 
 
 10; ……..; 125 ml/min 
 
 
 
Table 5.2:   Flow rates depending on the inner diameter of hoses (Øi, hoses), at minimum rotation frequency 
of feeding pump (Rpump) for 0.11 1/min (= 1% on display of IPC –N  ISMATEC Multi-channel pump). 
 
 
    Øi, hoses    [mm] 
 
 
1.02
 
1.14 
 
1.30 
 
1.42 
 
1.52 
 
1.65 
 
1.75 
 
1.85
 
Flow rates [ml/h] 
 
(at min. R1% = 0.11 1/min) 
 
 
0.09
 
1.1 
 
1.3 
 
1.6 
 
1.8 
 
2.1 
 
2.3 
 
2.6 
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5.2.2   Biological Validation 
 
Continuous-flow fermentations of the yeast S. cerevisiae ATCC 32167 are simultaneously 
performed in “CosBios” and in a 1-L conventional stirred tank fermenter (Biostat M, B. 
Braun Biotech International GmbH), and the results are compared to demonstrate the 
performance of the new culture system. In a glucose-limited continuous cultivation under 
fully aerobic conditions S. cerevisiae shows two distinct growth regimes. At low dilution 
rates, the growth is purely oxidative and biomass and carbon dioxide are produced as main 
products. However, when the dilution rate is increased above a certain value, the critical 
dilution rate (Dcrit), ethanol formation occurs and the biomass yield decreases.  
 
S. cerevisiae were activated on agar plates composed of 20 g/l glucose, 20 g/l peptone, 10 g/l 
yeast extract, and 20 g/l Bacto-Agar at 30 °C for 3 days and stored at 4 °C. For the inoculation 
of pre-cultures, weekly activated microorganisms were used.  Pre-cultivations were carried 
out by transferring of a loop from agar plates into a 250-ml Erlenmeyer flask containing 27 ml 
of a simple complex growth medium composed of 5 g/l glucose, 5 g/l yeast extract, and 5 g/l 
peptone from casein, as well as 1 drop of antifoam agent (Plurafac LF 1300, BASF). 
Antifoam agent was used to provide a similar chemical environment in shaking flask cultures 
as in the experiments with stirred conventional fermenter. Pre-culture was incubated for 12 h 
at 30 °C (do= 50 mm, n = 275 1/min). Following, pre-culture broth was centrifuged for 20 min 
at 4000 g. The pellet was washed two times with 0.9% NaCl and again centrifuged. The 
biomasses were resuspended in the fresh complex medium until optical density was measured 
as to be 1.5. This inocula was subsequently used to inoculate a further stock solution for main 
cultures in a volumetric ratio of 1 %. This stock solution for main culture was distributed into 
the four reactor vessels of CosBios-I as being 1 ml smaller than their individual working 
volume measured before. The system is first run without substrate flow in batch mode 
(aeration rate = 45 ml/min, do= 50 mm, n = 275 1/min). The exponential growth is observed 
between 4th and the 16th hours of cultivation. After having cultivated for 12 h at 30 °C, the 
CosBios-I was changed to the continuous flow by setting the first rotation rate of the pump for 
the substrate supply, hence the first dilution rates (Table 5.3). Depending on the rotation rate 
of the pump, the range of substrate flow rate, hence the dilution rate in vessels varies. After 
every five retention times (ca. 3 days), the rotation rate of the pump is increased to further 
values. The range of dilution rates obtained is listed in Table 5.4. 
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Table 5.3:   Operational Parameters of CosBios-I for the experiments with S. cerevisiae. 
 
 
Operational Parameters of CosBios for the Continuous-Flow Cultivation 
 
 
 
Room temperature 
 
 30 °C 
 
 
Shaking frequencies 
 
 275 1/min 
 
 
Shaker diameter (Orbital) 
 
 50  mm 
 
 
Aeration rate 
 
 ca. 2 vvm 
 
 
Dilution rates 
 
 
 
vary depending on the combination listed in Table 5.4  
 
 
 
 
Table 5.4:   Dilution rates obtained in the reactor vessels of CosBios-I during the experiments with S. 
cerevisiae, depending on the height of the outlet (hout), filling volume (VL), inner diameter of the hoses 
(Өi,hoses), and the rotation rate of the pump (R 1% = 0.11 1/min). For the parallel experiment in 1-L stirred 
tank, the operational parameters are adjusted for agitation of 900 1/min and aeration of 1 vvm. The 
temperature was kept constant at 30 °C.  
 
 
Dilution Rates  
(obtained at different rotation rates of the pump) 
 
 
Flask 
 
no 
 
 
hout 
 
[mm] 
 
 
VL  
at 275 1/min 
 
[ml] 
 
 
 
Өi,hoses 
 
[mm] 
 
 
R 3% 
 
 
R 5% 
 
 
R 7% 
 
 
R 9% 
 
 
R12%
 
1 
 
 
49.1 
 
 
31 
 
 
1.14 
 
 
0.11 
 
0.17 
 
 
0.25 
 
 
0.32 
 
 
0.42 
 
 
2 
 
 
59.8 
 
 
40 
 
 
1.30 
 
 
0.01 
 
0.16 
 
 
0.22 
 
 
0.29 
 
 
0.39 
 
 
4 
 
 
55.2 
 
 
37 
 
 
1.42 
 
 
0.13 
 
0.22 
 
 
0.30 
 
 
0.39 
 
 
0.52 
 
 
3 
 
 
53.7 
 
 
34 
 
 
1.52 
 
 
0.16 
 
0.26 
 
 
0.37 
 
 
0.47 
 
 
0.63 
 
  
 
For sampling of the shaken bioreactor system, the harvest bottle was replaced by a sample 
tube, placed in an ice box. The shaking frequency was increased to 300 1/min for about one 
minute, which results in an increased outflow of fermentation broth. In this way an amount of 
about 4-7 ml of culture broth could be harvested from the reactors. After completion of this 
procedure, the standard settings were readjusted again. For the determination of cell dry 
weight, a 2 ml sample was centrifuged for 20 min at 4000 g. The pellet was washed two 
times, and the biomass was dried for 24 h at 105 °C and weighed. Cell-free extracts were 
frozen and kept at -20 °C to quantify the concentration of glucose and ethanol by HPLC 
(Dionex with Chromeleon Software, 232 XL Sampling Injector, Abimed-Gilson). 
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5.3   Results and Discussions 
 
 
5.3.1   Results of Technical Characterization 
 
5.3.1.1   Influence of Aeration Rate on Filling Volume 
 
In order to determine the influence of the aeration rate on the filling volume in the culture 
vessel, the aeration rate was varied between 10 and 125 ml/min under the conditions of 
constant shaking frequency at 250 1/min and 50 mm shaking diameter. All six vessels with 
different outlet heights had reproducible results. No significant influence of aeration rate on 
filling volume was detected (Figure 5.3). In the subsequent experiments the volumetric 
aeration rate was usually kept at 2-3 vvm. 
 
 
Figure 5.3:   Filling volume versus aeration rate (substrate feeding rate = 0.11 ml/min) in six reactor 
vessels of CosBios-I with different outlet heights (hOUT) (n = 250 1/min, do = 50 mm) 
 
 
5.3.1.2   Influence of Substrate Feeding Rate on Filling Volume 
 
To examine whether the substrate feed rate has an influence on the filling volume, the 
aeration rate of 45 ml/min and the shaking frequency of 250 1/min with 50 mm shaking 
diameter were kept constant. The substrate (water) feed rate was varied between 0.024 and 
0.223 ml/min. As shown in Figure 5.4, the experiment was carried out in six vessels with  
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different outlet heights. The fluctuations of the filling volumes were negligible, and the 
substrate feed rate had almost no influence on the filling volume of the vessels. 
 
 
Figure 5.4:   Filling volume versus substrate feeding rate (aeration rate = 45 ml/min) in six vessels of 
CosBios-I with different outlet heights (hOUT) (n = 250 1/min, do = 50 mm). 
 
 
5.3.1.3   Influence of Shaking Diameter on Filling Volume 
 
By increasing the shaking diameter at constant shaking frequency the centrifugal acceleration, 
and hence the force induced on fluid sickle, is increased. As a consequence, the filling volume 
is reduced. Three different shaking diameters (50, 25, and 12.5 mm) were examined in our 
investigation. Figure 5.5 represents the data as a log-log plot. The results prove the expected 
decreasing trend of the filling volume, with increasing shaking diameter in all continuous 
flasks with different outlet heights. At very high centrifugal accelerations the surface of the 
rotating liquid becomes vertical, the liquid is trapped by the conical shape of the flasks and 
the filling volume does not further decrease.  
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Figure 5.5:   Filling volume versus shaking diameter in six vessels of CosBios-I with different outlet 
heights (hOUT) (n = 250 1/min, aeration rate = 45 ml/min, substrate feeding rate = 0.065 ml/min). 
 
5.3.1.4   Influence of Outlet Height on Filling Volume 
 
Figure 5.6 shows the influence of the outlet height on filling volume for different shaking 
frequencies in a log-log plot. Interestingly, the straight lines, fitted into the results, correspond 
to a relation of VL ~ hout 2.98. This exponent is very close to three, although the geometric 
liquid distribution in a shake flask is influenced by the shaking frequency in a quite 
complicated way (s. chapter 2.3.1.3). 
 
 
Figure 5.6:   Influence of outlet height on filling volume in six vessels of CosBios-I with different outlet 
heights (hOUT) (aeration rate = 45 ml/min, substrate feeding rate = 0.065 ml/min). 
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5.3.1.5   Influence of Shaking Frequency on Filling Volume 
 
The shaking frequency plays an important role in the mixing of the fermentation broth as well 
as on oxygen supply. Thus, the influence of shaking frequency on filling volume was 
investigated by changing the shaking frequency between 100 and 370 1/min on a shaker with 
a shaking diameter of 50 mm. The filling volume decreases with increasing shaking frequency 
as a larger part of the liquid is lifted up in the bioreactor as a result of the action of the 
centrifugal force, and leaves the bioreactor through the overflow tube (Figure 5.7). The values 
presented in Figure 5.7 were averaged from experiments with different aeration and substrate 
feed rates. If exponential equations are fitted into the different measuring points of Figure 5.7, 
an average slope of 2.16 (VL ~ n2.16) is obtained. This indicates the predominant influence of 
the shaking frequency.  
 
 
Figure 5.7:   Influence of shaking frequency on filling volume in six vessels of CosBios-I with different 
outlet heights (hOUT) (aeration rate = 45 ml/min, substrate feed rate = 0.065 ml/min, aeration rate = 45 
ml/min, substrate feeding rate = 0.065 ml/min). 
 
5.3.1.6   Comparison with Model Calculations 
 
The liquid distribution inside a shaken bioreactor can be calculated as the intersecting volume 
between the flask geometry and a rotational parabolic (Maier et al. 2004). This assumption 
has already successfully been applied in a mechanistic model to calculate the maximum 
oxygen transfer capacity of a vast variety of shake flasks/operating condition combinations 
without any fitting parameter. Also the specific power consumption can be predicted on the 
basis of calculations of the liquid distribution and, therefore, the interfacial area for moment  
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transfer in a shake flask. The filling volumes calculated by this fully mechanistic model are 
represented as a log-log plot in Figure 5.8 by solid curves. No data fitting was performed to 
obtain these results. This model has been based on the simplifying assumption that viscous 
forces in the rotating liquid can be neglected. In this case, as can be seen, the qualitative as 
well as the quantitative dependence of the filling volume on shaking frequency are very well 
represented by the model calculations. Only at low shaking frequency and low outlet height 
(irrelevant for practical use) does the model calculation slightly overestimate the filling 
volume. This system is useful to predict the liquid distribution, interfacial areas, and filling 
volume with reasonable accuracy, depending on the geometry and operating conditions. This 
tool can be used to design the bioreactor system and to choose operating conditions, which 
ensure sufficient oxygen supply to the cultured cells. 
 
 
Figure 5.8:   Filling volume versus shaking frequency in the reactor vessels of CosBios-I with different 
outlet heights (hOUT). Comparison of the model calculations (solid curves) and the measured values (points) 
(n = 250 1/min, do = 50 mm, aeration rate = 45 ml/min, substrate feeding rate = 0.065 ml/min). 
 
 
5.3.2   Results of Biological Validation 
 
To investigate the performance of the continuous shaken bioreactor system, fermentations of 
S. cerevisiae were conducted with four parallel bioreactors in simple complex medium with 5 
g/l glucose (Chapter 5.2.2). The results were compared with a conventional 1-L stirred tank 
fermenter. Figure 5.9 shows the respective biomass, glucose, and ethanol concentrations over 
dilution rates. This kind of representation is commonly termed as an X-D diagram. Excellent  
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agreement of the results from both types of reactors is obtained. At dilution rates of D < 0.28 
1/h and therefore at low glucose concentrations, this carbon source is solely metabolized by 
the oxidative pathway and relatively high biomass concentrations up to 2.7 g/l are obtained. 
At a critical dilution rate of about D = 0.3 1/h ethanol fermentation starts in both types of 
bioreactors despite aerobic conditions (Crabtree effect). As a result, the biomass concentration 
decreases to about 1.15 g/l and ethanol concentration reaches roughly 1.4 g/l. At a dilution 
rate of about D = 0.4 1/h glucose concentration starts to rise and, consequently, biomass and 
ethanol concentration decrease. A comparison of the total time needed for the experiment 
shown in Figure 5.9 and of the medium consumption is given in Table 5.5. To obtain one 
single steady-state result, the conventional reactors are continuously operated for at least 2 or 
3 days at constant conditions. Because of the small scale (0.03-0.04 l) and simple handling it 
is possible in CosBios-I to operate many shaken bioreactors with different dilution rates 
simultaneously. This clearly shortens the total duration of the experiments to create a X-D 
diagram like in Figure 5.9. In this study, four continuous shaken bioreactors were 
simultaneously operated in parallel, and four points of the X-D diagram were determined after 
3 days. Thirty-three days were required to create an X-D diagram with the 1-L stirred 
continuous bioreactor, whereas just 12 days were required to generate the same information 
(obtaining more points) with the four simultaneously operated shaken bioreactors (Table 5.5) 
(All calculations are represented in the Appendix A2 and A3). This shorter experimental time 
has several additional advantages. In the case of possible contamination in a stirred bioreactor, 
as we encountered in this experiment, the fermentation must be stopped and restarted again. 
This means that the total experimental time is extended. However, the probability of 
contamination is much smaller in the shaken bioreactor system, as there are much fewer 
sealings and connectors. It is not necessary to restore a fermentation in case of a 
contamination in one of the simultaneously operated shaken bioreactor, as this only results in 
the loss of just one point in the X-D diagram. It is also well-known that wall growth may 
steadily develop with experimental time. If the reactors of the shaken bioreactor system are 
just applied for the time needed to reach one steady state, the impact of wall growth is greatly 
reduced.  
 
 
 
 
 
 
 
                                                                  Chapter 5.   Principle of CosBios and Prototype-I 
   
82 
 
0
1
2
3
4
5
6
0.0 0.2 0.4 0.6 0.8
Dilution rate (D) [1/h]
Biomass Ethanol Glucose
C
on
ce
nt
ra
tio
ns
 [g
/L
]
 
Figure 5.9:   Fermentations of the yeast S. cerevisiae in Cosbios (simple complex medium with 5 g/l 
glucose, hOUT = 49.1; 53.7; 55.2; and 56.8 mm, volumetric aeration rate = 2 vvm, n = 250 1/min, do = 50 
mm, T = 30 °C) represented with open symbols, and in a conventional 1-L stirred tank fermenter 
(volumetric aeration rate = 1 vvm, stirring speed = 900 1/min) represented with closed symbols. 
 
A further significant advantage of the continuous fermentation in the shaken bioreactor 
system is the smaller substrate requirement. In comparison with the shaken bioreactor with 
30-40 ml filling volume, the 1-L stirred bioreactor requires roughly 30 times more medium. 
To generate a X-D diagram of S. cerevisiae in this study, 9 l of medium were consumed in the 
continuous shaken bioreactor system, compared to 316 l of medium consumption in the 1-L 
conventional stirred tank. The medium consumed in stirred tank must be about 100 L. 
However, due to the contaminations, the experiments must be interrupted and started again 
with new feed stock. Such problems are encountered in conventional techniques, whereas the 
new culture technique can be operated with other reactors continuously in case of 
contamination of any reactor.  
 
Table 5.5:   Comparison of experiments carried out in CosBios-I and in a conventional 1-L stirred tank 
 
 
Culture 
 
volume 
 
[l] 
 
# of parallel
 
bioreactors 
 
[-] 
 
Total media 
 
consumption 
 
[l] 
 
Total duration 
 
of experiments 
 
[d] 
 
 
Novel continuous  
 
shaken bioreactor 
 
 
0.03 – 0.04 
 
4 
 
9 
 
12 
 
Conventional continuous 
 
stirred tank fermenter 
 
1 
 
1 
 
316 
 
33 
 
  
 
6 
 
 
Improved Continuous 
Parallel Shaken Bioreactor System 
Prototype-II 
 
 
 
 
 
The first prototype of the continuous parallel shaken bioreactor system combined the 
advantages of shaken culture technology with the advantages of continuous operation. 
Although the experiments carried out supported the usefulness of the new technique, it was 
still away from the promising potential of the new culture system. Particularly, the 
improvement concerning the geometric reproducibility of reactor vessels modified from 250-
ml Erlenmeyer flask and the consistency of working volume in vessels was involved. This 
chapter reviews the problems encountered during the operation of continuous-flow parallel 
shaken bioreactor system and represents its improved design, CosBios, in detail. 
Subsequently, the results of the technical characterization and biological validation of the new 
bioreactor system are laid out. Continuous-flow cultivation of C. glutamicum, P. stipitis and 
S. cerevisiae are carried out in CosBios and the effect of oxygen transfer limitation in a 
continuous culture has been studied.  
 
 
6.1   Improved Vessel of CosBios 
 
One of the significant advantages of the new culture technique is the possibility to operate 
many of the shaken bioreactors on a single shaker simultaneously. Therefore, the geometric 
reproducibility of these reactor vessels plays an important role in the performance of CosBios. 
The first prototype of the continuous-flow parallel shaken bioreactor system consisted of four 
special reactor vessels modified from 250-ml Erlenmeyer flask with an outlet melted 
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onto the side face of the flasks for the overflow of fermentation broth and exhausted gas. 
However, it was not possible to manufacture these flasks out of borosilicate glass with a 
geometric accuracy of < 1 mm. Particularly, the variation in the geometry and the position of 
the outlets strongly influences the working volume of each shaken bioreactor. Therefore, the 
working volume of all reactors has to be determined individually in each operation. This 
represented a significant barrier for the operation of many more reactors on a single shaker 
simultaneously.  
 
 
Figure 6.1:   Basic elements of CosBios reactor and its schematic drawing. 
 
 
 
New reactor vessels were manufactured out of quartz glass (Figure 6.1d). In opposite to 
borosilicate glass (81% SiO2, 13% B2O3, 4% Na2O/K2O, 2% Al2O3) used for Erlenmeyer 
flasks, quartz glass is composed of only silicon dioxide (SiO2). Due to having extremely low 
thermal expansion and a low refractive index (Table 4.1), it is particularly suitable for the 
modifications on the glass surface with accurate geometric reproducibility. The outlets with 
the inner diameter of 2 mm could be formed onto the sides of the quartz glass cylinders with a  
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geometric accuracy of < 1 mm. This quartz glass body in cylindrical form was clamped in a 
metal frame and hold together by lathed rods to form the reactors of CosBios (Figure 6.1). 
Sealing is supported with silicon rings. Because of the technical and economical 
imperativeness, seven different materials are used in the design of the new reactor (quartz 
glass in vessel cylinder, borosilicate glass in glass cover, stainless steel in metal frame, 
aluminum in base holder and plate, poly-ether-ether-ketene in connector between glass cover 
and metal frame, silicone in sealing rings, poly-propylene in screw cap). The different thermal 
expansion indexes of these materials (Table 4.1) could bring about the deformation of 
materials in case of many sterilizations in an autoclave. Therefore, the selected materials and 
design was so carefully considered that the compact form of reactor vessels is retained in an 
operation for a long period of time. 
 
 
6.2   Set-up of CosBios 
 
The principle of first generation of continuous parallel shaken bioreactor system was 
employed as the basis for the construction of the improved system. The new system consisting 
of specially constructed parallel bioreactors and common laboratory elements (pump, 
reservoir bottles, shaker, etc.) is schematically shown in Figure 6.2.  
Flow controler
Feed
stock Shaker
Harvest
Multi-channel
Peristaltic pump
HumidifierAir Culture vessels
Balance
EDP
 
Figure 6.2:   Setup of improved continuously operated parallel shaken bioreactor system. 
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After having ensured the geometric reproducibility of the vessels, the number of parallel 
shaken bioreactors of CosBios was increased by designing it for six parallel bioreactors. All 
materials used in Set-up and their technical drawings are listed in the Appendix. As another 
main difference from the first prototypes, in order to increase the range and the accuracy of 
substrate feeding, a multi-channel peristaltic pump IPC-N (Ismatec Laboratoriumstechnik 
GmbH) was incorporated as a fixed component into the system, instead of Model IPC used in 
several experiments of first prototype. IPC-N offering a rotation frequency of 0.11 – 11.25 
1/min provides a feeding rate in the range of 0.0004 - 11 ml/min. It allows various flow rates, 
respectively small intervals between the flow rates, in a range of smaller volumes than which 
the Model IPC offers. The hoses and the relevant flow rates ensured by IPC-N are listed in 
Table 6.1. The combination of hoses with different inner diameters, the rotation frequency of 
feeding pump, and shaking diameter and shaking frequencies of the system shaker offer a vast 
variety of dilution rates (Table 6.3). The further operational principles of CosBios are similar 
to which described previously in Chapter 5.1.1. The reactors, including all fittings and tube 
connections, can also be sterilized in an autoclave for 20 min. at 121°C and 1.2 bars.  
 
 
Table 6.1:   Flow rates depending on the inner diameter of hoses (Øi, hoses), at minimum rotation frequency 
of feeding pump IPC-N  (R1% =  0.11 1/min = 1% on display of the feeding pump). 
 
 
    iφ hoses    [mm] 
 
 
1.02 
 
1.14 
 
1.30 
 
1.42 
 
1.52 
 
1.65 
 
1.75 
 
1.85
 
Flow rates [ml/h] 
 
(at R1% = 0,11 1/min) 
 
 
0.9 
 
1.1 
 
1.3 
 
1.6 
 
1.8 
 
2.1 
 
2.3 
 
2.6 
 
 
 
 
6.3   Significance of Oxygen Supply 
 
In aerobic fermentation processes, oxygen is a key substrate. Numerous studies about the 
effects of oxygen supply on the performance of microbial culture are described in Chapter 
2.4. Duetz et al. (2004) have also reported that the growth and the culture productivity in 
shake flasks suffer from a low oxygen solubility combined with slow oxygen transfer rates 
into the culture broth. As mentioned in detail in Chapter 2.3.2, the oxygen transfer rate (OTR) 
in shaken flasks depends on the surface-to-volume ratio of the rotating liquid and it is  
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affected by many factors such as geometrical and operational characteristics of the flask 
vessels, type and concentration of the media compositions, and morphology of 
microorganism. Therefore, the OTR represents the most important parameter involved in the 
design and operation of a new culture technique based on shaken technology and may limit its 
usage in biological experiments. Thus, the development of the continuous-flow parallel 
shaken bioreactor system required also the investigation of OTR in the novel culture vessels. 
 
 
 
6.4   Experimental Set-up 
 
 
 
6.4.1   Technical Characterization 
 
The improved design of the CosBios was investigated in detail to represent its operational 
characteristics. Investigating, (i) the form stability after many sterilizations in an autoclave (ii) 
the steadiness of liquid medium overflow, (iii) influence of aeration rate, substrate feeding 
rate, shaking frequency and shaking diameter on filling volume, and (iv) OTR in vessels, the 
optimal operational parameters for a standard application of CosBios were determined. 
Simple complex medium, in which the S. cerevisiae is cultivated (Chapter. 4.5.1) was used as 
test solution. Except for the investigation of the OTR in the reactor vessels, all experiments 
for the technical characterization were carried out in continuous-flow manner and in a thermo 
constant room at 30 °C. An overview of the operational parameters is shown in Table 6.2.  
 
During the setting up of the CosBios, it is particularly very important to ensure that the 
surface of the shaker plate is horizontal and the cylinders of the reactor vessels are in a 
perpendicular position to the base. If any cylinder is not horizantal, it could bring an 
inconsistency of flow pattern of the rotating liquid so that the working volume in reactor 
vessels is strongly affected. It was always ensured either using spirit level or checking the 
upper liquid level of the water filled up to a circular line drawn in a constant distance from the 
base of cylinder.     
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Table 6.2:   Overview of operational conditions for the experiments in technical characterization. 
 
 
Operational conditions  
 
 
 
Room temperature 
 
 30 °C 
 
 
Test liquid 
 
 Simple complex medium (Chapter. 4.5.1) 
 
 
Height of outlets in vessels 
 
 70 mm (68 mm cylinder + 2 mm sealing) 
 
 
Shaking frequencies 
 
 100; …….; 375 1/min 
 
 
Shaker diameter (Orbital) 
 
 25;  50; 70  mm 
 
 
Substrate feeding rates 
 
 
 
Vary depending on the combination of hoses 
and pump rate (Table 6.1) 
 
 
 
Aeration rates 
 
 10; ……..; 125 ml/min 
 
 
Oxygen transfer rate (OTR) is measured using the cobalt-catalyzed 0.5 M sulphite oxidation 
method described in Chapter 4.3. The test vessels were filled with defined liquid volumes of a 
standard solution of 0.5 M sulphite. The sulphite is oxidized to the more acidic sulphate in the 
presence of oxygen, which leads to a drop of pH at the end of the oxidation. The decrease in 
pH is visualized by the color change of bromothymolblue, as a pH-indicator. Color change 
was recorded by a camera (Sony DCR-VX700E) and the reaction time required for the 
determination of OTR in Eq 4.5 was obtained. On-line measurement of the oxygen transfer 
capacity of a biological system was investigated in the Respiratory Activity Monitoring 
System (RAMOS) described in Chapter 4.4 and correlated with the values obtained in the 
reactors of CosBios with the sulphite method to estimate the oxygen transfer rate of a 
biological system. 
 
 
 
6.4.2   Biological Experiments 
 
Three biological systems, whose growth behavior and metabolites are obviously affected by 
dilution rate and oxygen availability, were selected. The wild type-strains of Corynebacterium 
glutamicum ATCC 13032 and Pichia stipitis CBS 5774 were used to monitor oxygen 
limitation in continuous-flow culture. In this study, the strain Pichia stipitis was kindly provided by 
Prof. Dr. rer. nat. Ulrich Klinner (Institute for Biology IV, RWTH Aachen University,  
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Germany). In addition, to demonstrate the performance of the new culture system,  C. 
glutamicum ATCC 13032 and S. cerevisiae ATCC 32167 were cultivated in CosBios and 1-L 
continuously operated stirred tank simultaneously. 
 
Cultivation and Modes of Operation:  A standard operation, which is carried out in six stages 
successively, was established for the continuous cultivation of microorganisms in CosBios;  
 
(i) activation of stock culture on agar plates, 
(ii) metabolic adaptation to liquid environment in Erlenmeyer flasks (Pre-culture) 
(iii) preparation of inocula in a vessel (stock solution for main culture) 
(iv) growth in batch mode in the CosBios to have a desired amount of biomass 
(v) switching of CosBios to continuous-flow mode 
(v) sampling and analytics 
 
i) Activation: Microorganisms were activated on agar plates and stored at 4 °C. The 
compositions of the agar plates were as follows. 
 
Agar Plates for C. glutamicum: 20 g/l glucose (Roth, Germany), 10 g/l yeast extract 
(Roth, Germany), 10 g/l peptone from casein (Roth, Germany), 15 g/l Bacto-Agar 
(Difco,  Germany), 2.5 g/l NaCl and 0.25 g/l MgSO4·7H2O. The pH is adjusted to 7.2 
with 0.5 M NaOH. The plates were cultivated for 3 days at 30 °C and stored at 4 °C. 
They were weekly renewed. 
 
Agar Plates for P. stipitis: 20 g/l glucose, 20 g/l peptone, 10 g/l yeast extract, and 20 
g/l Bacto-Agar. The plates were cultivated for 24 h at 30 °C and stored at 4 °C. They 
were weekly inoculated again. The inoculation of pre-culture was carried out using 24 
hours cultivated fresh plates.    
 
Agar Plates for S. cerevisiae: 20 g/l glucose, 20 g/l peptone, 10 g/l yeast extract, and 
20 g/l Bacto-Agar. The plates were cultivated for 3 days at 30 °C and stored at 4 °C. 
They were weekly renewed.  
 
ii) Pre-culture:  The same procedure was applied for the preparation of pre-cultures of all 
three strains. A 250-ml Erlenmeyer flask containing 27 ml of medium was inoculated by 
transferring of a loop from agar plates. 
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Pre-culture Medium and Conditions for C. glutamicum: Pre-culture of C. glutamicum 
was conducted in simple complex medium composed of 20 g/l glucose, 10 g/l yeast 
extract, 10 g/l peptone from casein, 2,5 g/l NaCl and 0.25 g/l MgSO4·7H2O. The pH 
was adjusted to 7.2 with 0.5 M NaOH (Büchs et al. 1988) and incubated for 12 h at 30 
°C (n = 275 1/min, do = 50 mm). 
 
Pre-culture Medium and Conditions for P. stipitis:  The pre-culture and main culture 
of P. stipitis were carried out in a chemically defined PMM-YE medium (Dellweg et 
al. 1984) prepared by combining the following separate solutions for 1 L; solution A 
(30, 15 or 5g glucose depending on experimental set-up was dissolved in 150 ml 
deionised water and autoclaved), solution B (10 g granulated yeast extract was 
dissolved in 100 ml deionised water and autoclaved), solution C (18.75 g KH2PO4, 6 g 
(NH4)2HPO4, 1.13 g MgSO4·7 H2O and 5g (NH4)2SO4 were dissolved in 700 ml 
deionised water and pH was adjusted to 5.0 by addition of HCl before autoclaved),  
and solution D (1.7 g YNB w/o amino acids without ammonium sulphate (Difco,  
Germany) was dissolved in 50 ml deionised water and filtered sterile). The pH of the 
final solution was adjusted to pH 5.2. Pre-culture was incubated overnight at 30 °C 
shaking at 275 1/min (do = 50 mm). 
 
Pre-culture Medium and Conditions for S. cerevisiae: It was prepared with 5 g/l 
glucose, 5g/l yeast extract, and 5 g/l peptone from casein, as well as 1 drop of 
antifoam agent (Plurafac LF 1300, BASF). Antifoam agent was used to provide a 
similar chemical environment in shaking flask cultures to that of a conventional stirred 
tank fermenter. Pre-culture was incubated for 12 h at 30 °C (n = 275 1/min, do = 50 
mm). 
 
iii) Inocula: To prepare stock solutions for the inoculation of main cultures, pre-culture 
broths were centrifuged for 20 min at 4000g. The pellet was washed two times with 0.9% 
NaCl and again centrifuged. The biomasses were resuspended in the fresh medium considered 
for main cultures. Optical density was measured as to be 1.5. This inoculum was subsequently 
used to inoculate 200 ml of main culture medium in a volumetric ratio of 8 %. This stock 
solution was later distributed into the main culture vessels.  
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Main-culture  Medium and Conditions for C. glutamicum: For the main cultures of C. 
glutamicum, a defined medium modified from Eikmanns et al.  (1991) was used. It is 
composed of C-source (depending on the experimental set-up, various concentrations 
of glucose or lactate were used), salts (20 g/l (NH4)2SO4, 1 g/l KH2PO4 , 2 g/l K2HPO4, 
0.25 g/l MgSO4·7H2O), trace elements (10 mg/l FeSO4·7H2O, 10 mg/l MnSO4·H2O, 1 
mg/l ZnSO2·7H2O, 0.2 mg/l CuSO4,  0.02 mg/l NiCl2·6H2O), 0.01 g/l CaCl2, vitamin 
(0.2 mg/l D-biotin), and chelating agent (0.03 g/l protocatechuic acid). Buffer (21 g/l 
MOPS) was only used in the experiments with lactate as C-source. The carbon sources 
and salts solutions were autoclaved separately and after cooling mixed together. The 
trace elements, calcium chloride, biotin and protocatechuic acid were added to this 
solution through a sterile filter. The pH of the final solution was adjusted to pH 7 with 
concentrated H2SO4 in glucose experiments and with 5 M NaOH in lactate 
experiments.  
 
Main-culture  Medium and Conditions for P. stipitis: The same chemically defined 
medium described for the pre-culture of P. stipitis was used for the main cultures. 
 
Main-culture  Medium and Conditions for S. cerevisiae: Simple complex medium 
described for Pre-cultures of S. cerevisiae was also used for the main cultures.  
 
iv) Growth in batch mode: 26 ml of stock solution was distributed into each of six reactor 
vessels of the CosBios. The system was first run in batch mode without substrate feeding 
(aeration rate = 45 ml/min, do= 50 mm, n = 275 1/min).  
 
v) Continuous-flow operation:  In exponential growth phase captured either from the 
reference cultures shaken simultaneously in Erlenmeyer flask or from the diagrams of the 
RAMOS experiments, the CosBios was switched to the continuous-flow operation by setting 
the first rotation frequency of the feeding pump. Depending on the rotation frequency of the 
feeding pump, the range of substrate flow rate, hence the dilution rate in the vessels varies. 
After every five retention time, the rotation frequency of the feeding pump is increased to 
other values depending on the desired range of dilution rates. The range of dilution rates is 
listed in Table 6.3. 
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Table 6.3:   Setting points of dilution rates in the reactor vessels of the CosBios during the experiments 
with  biological systems, corresponding to the inner diameter of the applied hoses (øi,hoses) and the rotation 
frequency of the feeding pump (R 1% = 0.11 1/min).  
 
 
Dilution Rates  
(at different rotation frequencies of feeding pump) 
 
 
 
Flask 
 
no 
 
 
VL  
 
at 275 1/min 
 
[ml] 
 
 
 
øi,hoses 
 
[mm] 
 
R 3% 
 
R 5% 
 
R 7% 
 
R 9% 
 
 
1 
 
 
27 
 
 
1.02 
 
 
0.10 
 
0.16 
 
 
0.23 
 
 
0.29 
 
 
2 
 
 
27 
 
 
1.14 
 
 
0.12 
 
0.20 
 
 
0.28 
 
 
0.36 
 
 
3 
 
 
27 
 
 
1.30 
 
 
0.15 
 
0.26 
 
 
0.36 
 
 
0.46 
 
 
4 
 
 
27 
 
 
1.42 
 
 
0.18 
 
0.30 
 
 
0.42 
 
 
0.54 
 
 
5 
 
 
27 
 
 
1.52 
 
 
0.21 
 
0.34 
 
 
0.48 
 
 
0.62 
 
 
6 
 
 
27 
 
 
1.65 
 
 
0.24 
 
0.40 
 
 
0.56 
 
 
0.72 
 
  
 
For the parallel experiments in the 1-L stirred tank, the operational parameters are adjusted for 
an agitation of 900 1/min and aeration of 1 vvm. The temperature was kept constant at 30 °C.  
 
vi) Sampling and analytics: For sampling of the CosBios, the harvest bottle was replaced by 
a sample tube placed in an ice box. The shaking frequency was increased from 250 1/min to 
300 1/min for about 1 min, resulting in an increased outflow of fermentation broth. In this 
way, about 7 ml of culture broth could be harvested from the reactors. After completion of 
this procedure, the standard settings were readjusted again. For the determination of cell dry 
weight, a 2-ml sample was centrifuged for 20 min at 4000g. The pellet was washed out two 
times, and the biomass was dried for 24 h at 105 °C and weighed. Cell-free extracts were 
frozen and kept at -20 °C to quantify the concentration of glucose and ethanol by HPLC. 
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6.5   Results and Discussions 
 
 
 
6.5.1   Material Deformation 
 
Using Eqs 4.1, 4.2 and 4.3, the thermal expansion of each material used in construction of the 
CosBios was calculated and taken into account in the design. In the improved design, the 
mechanical stress leading to breakage of the reactor glass cylinders clamped between the 
metal base and cover were prevented. Due to the novelty of the instrument, first of all, a series 
of experiments was conducted to test the possible material deformation in practice after many 
sterilizations in an autoclave. CosBios as a whole system including all fittings and tube 
connections was autoclaved 20 times for 20 min at 121°C and 1.2 bars. It was proved that the 
new bioreactors, particularly the new connectors made of PEEK (Figure 6.1e), don’t suffer 
from any problem of deformation. Also in ongoing observations, the CosBios, which has been 
in use for 3 years, didn’t show any material deformation. Therefore, it was proved that 
CosBios is repeatedly autoclavable in a stable manner. During autoclaving, the air inlets must 
be enwrapped with aluminum foil to prevent wetting of the cotton closure. Otherwise it could 
bring about the stopping of the air circulation or contamination. 
 
 
 
6.5.2   Determination of Operating Parameters 
 
 
6.5.2.1   Control of Overflow and Steadiness 
 
All experiments carried out for the characterization of the first generation reported in the 
previous chapter were also repeated for the improved design of CosBios. The steadiness of 
liquid overflow was investigated in four parallel shaken bioreactors at different flow rates. 
The experiment was repeated at three different rotation frequencies of the feeding pump (0.34, 
0.56, and 0.78 1/min). The results obtained were compared with the calculated set values. 
Although the CosBios could have been operated with six parallel reactors, these experiments 
were conducted with four reactors due to the requirement of a single balance for each reactor 
to record the overflow. Figure 6.3 shows the results measured at the rotation frequency of 
0.56 1/min. The range of deviation in dilution rates lies between +8 and –3 % (Table 6.4). The  
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results investigated at the other rotation frequencies are represented in Appendix 4 and 5. The 
average deviation was calculated as ±  3 %. It was assumed that these deviations couldn’t 
cause any significant problem due to the following reason. Deviations above  3 % were 
commonly determined in the reactors operated at smaller dilution rates < 0.25 1/h where the 
CosBios offers data points with small intervals between the data points. In addition, the same 
setting points are measured in different reactors at different operation times. This provides 
double results for 7 setting points in 24 data points. Therefore, system makes itself possible to 
compare results with each other and the deviations in dilution rates were neglected.  
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Figure 6.3:   Determination of steadiness of overflow in the CosBios (Test liquid; simple complex medium, 
aeration rate = 2 vvm, n = 275 1/min, do = 50 mm). 
time [h] 
 
 
 Table 6.4:   Deviation in set- and measured rates of dilution  
 
 
Dilution rates 
 
at R5 % = 0.56 1/min 
 
 
 
 
 
Flask No. 
 
 
 
 
 
Өi,hoses  [mm] 
 
 
Set rate 
 
 
Measured rate 
 
 
 
 
 
Deviation (%) 
 
 
1 
 
 
1.02 
 
 
0.16 
 
 
0.17 
 
 
+ 6.2 
 
 
2 
 
 
1.30 
 
 
0.26 
 
 
0.28 
 
 
+8 
 
 
3 
 
 
1.52 
 
 
0.34 
 
 
0.32 
 
 
- 3 
 
 
4 
 
 
1.65 
 
 
0.40 
 
 
0.41 
 
 
+ 3 
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6.5.2.2   Determination of Filling Volume 
 
The shaking frequency and shaking diameter plays a decisive role for the determination of the 
working volumes (VL) in the CosBios. Thus, the working volume of the reactors was 
investigated by changing the shaking frequency (150 - 325 1/min) and shaking diameters (25, 
50, and 70 mm). Experiments were carried out in the CosBios with 6 parallel shaken reactors. 
Complex growth medium reported for S. cerevisiae experiments was used as the test solution. 
The volumetric aeration rate was kept constant at 45 ml/min. The test solution was supplied 
with a feeding rate of 0.1 ml/min into all vessels continuously. For a long time, it was a 
significant problem to prevent the fluctuation of the working volumes. Although the same 
operational parameters were applied, the working volumes in the reactors represented various 
values. Finally, it was determined that the position of the reactor cylinders causes the 
fluctuation in the working volumes under same operational conditions. The base of the shaker 
and its plate must be horizontal, as well as the cylinders of the reactor vessels in a 
perpendicular position. Particularly, if any cylinder is not horizontal, it could bring fluctuation 
in working volumes. The final working volumes measured are listed in table 6.5. As shown in 
Figure 6.4, the working volume decreases with increasing shaking frequency as well as with 
increasing shaking diameter. In comparison, at a shaking frequency of 275 1/min, the working 
volume in the reactors amounts to 55 ml, 27 ml and 20 ml at a shaking diameter of 25 mm, 50 
mm and 70 mm respectively, while it was obtained as 39 ml, 20 ml and 16.5 ml at 300 1/min. 
The fluctuations of the working volumes in 6 reactors for each set point were negligible for 
the range of shaking frequency from 200 to 325 1/min. This result showed also that the 
improved CosBios reactors ensured the same working volumes in all culture vessels for 
simultaneous operations at shaking frequencies higher than 200 1/min. In addition, the 
mechanistic model based on the liquid distribution inside the bioreactors (Maier&Büchs 
2001; Büchs et al. 2007) was modified according to the cylinder form of the improved 
reactors (Appendix 1). The dependency of the working volume (determined by the height of 
outlet) on shaking frequency and on shaking diameter is also very well represented by this 
model calculation. The calculated values are represented in Figure 6.4 as solid curves. 
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Table 6.5:   Working volumes measured at different shaking diameter (do = 25, 50, 70 mm)) and the 
shaking frequency (n = 150… 375 1/min). R represents the reactor no. (Test solution:  simple complex 
medium, aeration rate = 45 ml/min, feeding rate of solution = 0.1 ml/min, temperature = 30 °C). 
 
           
 do= 25 mm 
 n [1/min] R1 R2 R3 R4 R5 R6 min. mean max. 
 150 279 256.3 267 255.2 252.4 251 251 260 279 
 175 206 214.4 217 205.8 200 212.2 200 209 217 
 200 174 177 170 178 175 163 163 173.6 178 
 225 110 112 108 109 114 103.5 103.5 110.5 112 
 250 74 77 73 75 69.7 73 69.7 74.5 77 
 275 54 51 55.2 56.5 55 57.7 51 54.9 57.7 
 300 39 39 43 39.5 38 34.2 34.2 39 43 
 325 27 26 27.5 28 27 30.5 26 27 30.5 
           
 do= 50 mm 
 n [1/min] R1 R2 R3 R4 R5 R6 min. mean max. 
 150 165 178.4 181 179 177.8 171 165 175 181 
 175 109.3 98.7 103.4 95.5 96.4 103.6 96.4 101.3 109.3 
 200 68 68.5 68 69 67 72.5 67 67.9 72.5 
 225 57.1 56 55.6 57.4 59.5 57.2 56 56.8 59.5 
 250 44 44.3 45 43.7 43.5 44 43.5 44 44.3 
 275 27 26.8 27.2 27.3 26.7 26.8 26.7 26.9 27.3 
 300 20 20.5 20.3 20.6 19.8 20.2 19.8 20.2 20.6 
 325 19 19.3 19.5 19.2 19 18.6 18.6 19 19.5 
           
 do= 70 mm 
 n [1/min] R1 R2 R3 R4 R5 R6 min. mean max. 
 150 112 127.4 135.8 133.2 134 125.8 112 128 135.8 
 175 75 67 65 73.2 63.1 69 63.1 69.2 75 
 200 52 52.5 52.4 51.8 51.7 47.6 47.6 52.1 52.5 
 225 38 38.6 38.8 37.4 37.5 33.3 33.3 37.2 38.8 
 250 28 28.2 27.8 23.6 28.5 28.7 27.3 28.3 28.7 
 275 19.4 21 20.8 20.2 20.4 19.8 19.4 20 21 
 300 16.5 16.8 16 15.8 16.4 16.6 15.8 16.5 16.8 
 325 14 14.2 14.5 13.8 13.5 14.8 13.5 14.2 14.8 
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Figure 6.4:   Working volume in CosBios versus shaking frequencies at different shaking diameters. 
Comparision of the model calculations (solid curves) and the measured values (points). (Aeration rate = 45 
ml/min, substrate feed rate = 0.1 ml/min, temperature = 30°C. Vertical bars represent the standard 
deviation of six parallel reactors. 
 
 
 
6.5.2.3   Determination of Acceleration Force Induced in Vessels 
 
The acceleration of culture broth into the outlet is also an operational key parameter for the 
continuous overflow of excess fermentation broth in the vessels of the CosBios. The force 
induced in the shaken flask in the radial direction is the centrifugal force induced by the 
orbital motion of the shaking table. A dimensionless number, the Froude number (Fr), is the 
ratio of inertial forces to gravity forces (Chapter 2.3.1.2). In order to predict the acceleration 
force in the CosBios reactor and to compare it for the different shaking conditions, Froude 
number for each condition was calculated according to Eq. (2.6) and represented in Figure 
6.5. It was already determined in Chapter 6.5.2.2 that the operation at the shaking frequencies 
lower than 200 1/min represented significant fluctuations in working volumes of the reactors. 
Therefore, the results of further operational parameters like acceleration force are considered 
at shaking frequencies higher than 200 1/min. The Froude number (Fr), respectively 
centrifugal acceleration, is increased by increasing the shaking frequency and shaking 
diameter. If the results of two conditions with the shaking diameter of 50 mm and 70 mm are 
compared, the acceleration force in reactors shaken at 300 1/min and 50 mm amounts to  
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almost the same values at 250 1/min and 70 mm. A shaking machine with a shaking diameter 
of 50 mm is commonly used as basic equipment in experimental laboratories. The shaking 
machine with shaking diameter of 70 mm is a special production of Kühner GmbH for our 
department. Therefore, the shaking machine with a shaking diameter of 50 mm will be 
considered as standard machine for the CosBios.  
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Figure 6.5: Comparison of calculated acceleration forces (based on Fr number) generated in the 
bioreactor of CosBios. 
 
 
 
6.5.3   Effects of Shaking Parameters and Vessel Shape on the   
           Maximum Oxygen Transfer Capacity (OTRmax) 
 
Besides the physical and chemical properties of a fermentation broth, the shaking frequency 
and shaking diameter have a strong effect on the working volume and hence on the surface-to-
volume ratio of the rotating liquid. This influences the maximum oxygen transfer capacity 
(OTRmax) in shaken reactors. A study was carried out by using the sodium sulphite oxidation 
method to determine what extent the OTRmax in the reactor vessels of the CosBios is affected 
by shaking parameters. The aeration rate in the reactors was kept constant at 2 vvm according 
to the filling volumes represented in Figure 6.5. The OTRmax values were investigated at a 
shaking diameter of 50 mm with different shaking frequencies (150 - 325 1/min). The results 
are represented in Figure 6.6. The OTRmax in the CosBios reactors demonstrated with open 
symbols are very low at low shaking frequencies due to higher filling volumes and high  
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surface-to-volume ratio of the rotating liquid. However, it increases exponentially with 
increasing shaking frequency and respectively decreasing filling volume.    
 
Another parallel experiment was conducted to investigate how the OTRmax is affected by the 
cylindrical form of the CosBios reactor in comparison to that in a conventional 250 ml-
Erlenmeyer flask. For this purpose, a special CosBios reactor vessel, geometrically similar but 
without outlet, was fabricated, in which the filling volume is kept constant independent of the 
shaking parameters to compare the results with that of a conventional 250-ml Erlenmeyer 
flask. This reactor without outlet and a 250-ml Erlenmeyer flask including 20 ml solution 
were simultaneously examined at shaking frequencies between 150 and 300 1/min. A normal 
CosBios reactor with outlet exhibiting a variation in working volume (20 - 130 ml) depending 
on shaking frequency was also examined simultaneously. The influence of the shaking 
parameters and shaken flask geometry on OTRmax is very well represented in Figure 6.6. 
Comparison of the results leads to the point that the OTRmax in the cylindrical form of the 
CosBios reactor without outlet is higher than in an Erlenmeyer flask, increasing substantially 
at higher the shaking frequencies than 150 1/min. Due to the higher working volume in the 
CosBios vessels with outlet than in the 20 ml reference volume in Erlenmeyer flask at the 
shaking frequency ≤ 230 1/min, the OTRmax in the CosBios reactors represent lower values 
than that of the Erlenmeyer flask. At 250 1/min, the reactor with outlet represents about the 
same OTRmax as the Erlenmeyer flask, although the working volume in the reactor (44 ml) is 
more than the 20 ml of the Erlenmeyer flask. The increase in shaking frequency leads to a 
decrease in the working volume and ultimately a point is reached at 300 1/min where the 
working volumes of the reactor vessels with outlet is similar to 20 ml of the reactors without 
outlet and 250 ml-Erlenmeyer flask. The OTRmax of the cylindrical form with the working 
volume of 20 ml at 300 1/min represents 0.05 mol/l/h, which is 1.6 fold more than that of the 
Erlenmeyer flask operating at the same condition. 
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Figure 6.6:   Comparison of the maximum oxygen transfer capacity (OTRmax) in 250-ml Erlenmeyer flask 
and in CosBios vessels with- and without outlets versus shaking frequency (at do = 50 mm, temperature = 
30 °C, aeration rate = 2 vvm). Model calculations (solid curves) and the measured values (points). Vertical 
bars represent the standard deviation of three parallel vessels. 
 
 
Figure 6.7 provides a comparison of the OTRmax for the different shaking frequencies on the 
shakers with three different shaking diameters (25, 50 and 70 mm) in order to determine the 
optimal shaking parameters for the following biological experiments. It is determined that the 
increase in shaking diameter results in an increase in OTRmax at the same shaking frequencies. 
If it is considered that the bacterial and fungal microorganisms require OTR’s typically in the 
range of 0.015-0.45 mol/l/h, the OTRmax in the reactors is also critical on the shaker with the 
shaking diameter of 25 mm, while the other shakers with higher shaking diameters (50 and 70 
mm) provide sufficient oxygen at a shaking frequency ≥ 275 1/min. Although the shaking 
diameter of 70 mm seems slightly advantageous in terms of more oxygen transfer rate at the 
same shaking frequency or respectively a lower shaking frequency for obtaining the same 
oxygen transfer rate, the shaker with do = 50 mm was chosen for further experiments due to 
the fact that the changing in the working volume on the shaker with do = 70 mm in case of 
increasing shaking frequencies doesn’t provide enough sample for analytics. Increasing 
shaking frequencies from 275 to 300 1/min of the shaker (do = 50 mm) provides 7 ml 
overflow of culture broth and a reduction of the filling volume only from 27 ml to 20 ml, 
whereas the amount of overflow at the same conditions of shaker (do = 70 mm) takes just 3.5 
ml and the working volume is reduced from 21 ml to 16.5 ml. 
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Figure 6.7:   Comparison of the maximum oxygen transfer capacity regarding to required shaking 
frequency and resulting working volumes and calculated Froude numbers on shakers with three different 
shaking diameters of 25, 50 and 70 mm. Model calculations (solid curves) and the measured values 
(points). 
 
 
In addition, the measured values were also compared with the values calculated by our 
mechanistic model which calculates OTRmax for the operating conditions without any fitting 
parameter. The calculated values are represented as solid curves in Figure 6.6 and Figure 6.7. 
It is also proved that this tool can be used to design a bioreactor system and to choose 
operating conditions ensuring sufficient oxygen supply to the cultured cells.      
 
Standard operational conditions for the CosBios, can be found according to the following 
rules; 
 
• Shaking frequencies lower than 200 1/min results in significant fluctuation in working 
volumes of parallel shaken reactors of the CosBios. Therefore the shaking frequency 
must be above 200 1/min. 
 
• Shaking machines with a shaking diameter of 25 mm provide the relative smallest 
acceleration force and the highest working volume at the same shaking frequencies. 
Therefore, shaking machines with higher shaking diameters, i.e. 50 mm and 70 mm 
are of interest.  
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• Almost the same acceleration force can be generated in a vessel shaken at do = 70 mm 
and at 225 1/min as in a vessel shaken at do = 50 mm at 275 1/min. 
 
• The same values of OTRmax (0.04 mol/l/h) are ensured at the shaking frequency of 275 
1/min with do = 50 mm, and at 250 1/min with do = 70 mm. 
 
• For sampling and reproducible analytics, at least 6 ml sample is required. The sample 
can be obtained by increasing the shaking frequency for a short term. An increasing of 
shaking frequencies from 275 to 300 1/min on the shaker with do= 50 mm provides 7 
ml overflow, whereas 3.5 ml can be overflowed at the same operation condition on the 
shaker of  do=70 mm. Therefore, working with 50 mm is of interest.  
 
• The shaking machine with a shaking diameter of 50 mm is commonly used in research 
laboratories.  
 
To sum up, an operational condition of a shaking frequency of 275 1/min and a shaking 
diameter of 50 mm, as well as the sampling at 300 1/min, fulfills the main requirements of the 
biological experiments as standard operational conditions for the CosBios. 
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6.5.4   Biological Validation 
 
 
A standard procedure described in Chapter 6.4.2 was used in the cultivation of all strains in 
the CosBios. The system was operated at a shaking frequency of 275 1/min and a shaking 
diameter of 50 mm resulting in a working volume of 27 ml. The aeration rate was kept 
constant at 2 vvm. When five retention times have been passed, the culture was assumed to be 
in steady-state. The different dilution rates were set according to Table 6.3. 
 
 
6.5.4.1   Examination of Oxygen Limitation in the Continuous-Flow Culture of  
              C. glutamicum  
 
 
It was reported in literature that C. glutamicum produces lactate, when oxygen is limited 
during aerobic growth (Dominquez et al. 1993). To examine oxygen limitation in a 
continuous-flow fermentation of C. glutamicum, the concentrations of biomass, glucose and 
lactate versus dilution rates were investigated in the overflow of the CosBios. At first a 
continuous-flow fermentation of C. glutamicum was carried out using a chemically defined 
medium containing 20 g/l glucose as C-source. Figure 6.8a shows the concentrations of 
biomass, glucose and lactate versus dilution rates. As mentioned in Chapter 3, a steady-state 
condition without additional limitation is described as range of dilution rates where the same 
substrate-dependent biomass yields are obtained. In the experiment with 20 g/l glucose, the 
continuous-flow culture of C. glutamicum represented different glucose-dependent biomass 
yields (YX/Glu) at different dilution rates (Figure 6.8a). The formation of lactate was also 
signing to a possible oxygen limitation. Assuming that the culture was operating under 
oxygen limited condition, a further experiment was conducted with lower glucose 
concentration of 10 g/l (Figure 6.8b). A steady state condition is observed at the range of 
dilution rates D < 0.4 1/h where the biomass yields (ҮX/Glu) were constant about 0.49 g/g. 
However, the biomass yields (ҮX/Glu) at the dilution rates > 0.4 vary within the range of 0.49 - 
0.29 g/g. The lactate formation in this range was also indicating the oxygen limitation. The 
maximum yield of lactate amounted to 0.032 g/L at a dilution rate of 0.4. The decrease in 
lactate concentration at higher dilution rates could be the reason of lactate dilution in culture 
broth. 
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Figure 6.8: Fermentation of C. glutamicum in CosBios with the variation of glucose concentration in feed 
stock; (a) 20 g/l and (b) 10 g/l glucose (n =  275 1/min, VL = 27 ml, do = 50 mm, aeration rate = 2 vvm, T 
= 30 °C). 
 
 
In order to verify that the reason for the variation in the biomass yields and the formation of 
lactate were due to the oxygen limitation, a series of further experiments were conducted. The 
oxygen demand of C. glutamicum, depending on the dilution rate, could be determined using 
Equation 6.1.  In this Equation, the oxygen consumption per mol glucose (YOxy/Glu) can be 
estimated either theoretically using the stoichiometric balance of a culture (Eq. 2.38, 
Atkinson&Mavituna 1983) or practically using the integral of an OTR curve obtained using 
the device for online measurement of oxygen transfer rate (RAMOS).  
 
 
SubstrateOxygen
YsCDdemandOTR /⋅⋅=  (6.1)
 
 
demand
OTR  oxygen transfer rate required at a dilution rate [mol/l/h]  
 D  dilution rate [1/h]  
 
S
C  substrate concentration in feeding [mol/l]  
 
SubstrateOxygen
Y
/
 oxygen consumption per mol substrate [mol/mol]  
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In this experiment, the oxygen transfer capacity of the C. glutamicum culture was investigated 
with RAMOS. Figure 6.10 shows the OTR profile of C. glutamicum in RAMOS. Calculating 
the integral of the OTR curves, the oxygen consumption of C. glutamicum per mol glucose 
(Yoxy/Glu) was determined as 1.7 mol oxygen/mol glucose consumed. Then, a linear 
relationship between dilution rate and the relevant OTR-demand was calculated using Eq. 6.1 
for both experiments. The results are demonstrated in Figure 6.9 with a continuous line (▬) 
for the range of dilution rates where the OTR demand is lower than the maximum oxygen 
transfer capacity (OTRmax) of the CosBios and enough oxygen is available, whereas the 
dashed line (---) indicates the range of dilution rates where the culture suffer from oxygen 
limitation due to higher OTR demand than the capacity of culture system.  
 
 
 
Figure 6.9: OTR-demand for the continuous-flow culture of C. glutamicum is represented with (▬) for 
oxygen unlimited condition and with (---) for oxygen limited condition). ((a) 20 g/l and (b) 10 g/l glucose, n 
= 275 1/min, do = 50 mm, VL = 27 ml, T = 30 °C, aeration rate = 2 vvm). 
 
The point of transition from unlimited to limited conditions, i.e. the maximum oxygen transfer 
capacity of the CosBios for given conditions, was determined through the comparison of the 
results obtained in RAMOS and by the sulphite oxidation method. The RAMOS experiment 
was already conducted under the same shaking conditions of the experiments carried out for 
the determination of OTRmax with 0.5 M sulphite method described in Chapter 6.5.3. This 
enables us to compare the OTRmax of the microbial culture and the OTRmax of the sulphite 
system and to determine the factor among them. The OTR plateau at 0.032 mol/l/h for a 
culture vessel fed with 20 g/l glucose in 20 ml filling volume indicates the OTRmax for this 
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culture condition (Figure 6.10). Comparing the OTRmax value of 0.032 mol/l/h measured in 
RAMOS and the OTRmax 0.029 mol/l/h obtained in a 250-ml Erlenmeyer flask by the sulphite 
method, the factor between the OTRmax values of a biological culture of C. glutamicum and a 
sulphite solution is calculated as 1.11 (Table 6.6a). Multiplying this factor with the OTRmax of 
0.040 mol/l/h obtained in CosBios reactors via sulphite method, OTRmax of C. glutamicum 
culture in the CosBios was estimated as 0.044 mol/l/h. This value shows the maximum 
oxygen transfer capacity into the fermentation broth of C. glutamicum in the CosBios 
operating at 275 1/min with a shaking diameter of 50 mm (Table 6.6b).  In case of any OTR-
demand higher than 0.044 mol/l/h, the continuous-flow culture of C. glutamicum will suffer 
from oxygen deprivation under this shaking condition. 
 
 
Figure 6.10: Online measurement of oxygen transfer rate during a cultivation of C. glutamicum in RAMOS 
(n = 275 1/min, do = 50mm, T = 30 °C.) with the variation in filling volume (20 and 10 ml) and glucose 
concentration (10 and 20 g/l).  
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Table 6.6: (A) Calculation of factor between the values of OTRmax measured in 250-ml Erlenmeyer flask 
with 0.5 M Sulphite Method and in RAMOS with C. glutamicum culture. (B) Estimation of OTRmax for C. 
glutamicum experiments conducted in CosBios.   
 
 
 
 
 
The maximum specific growth rate (µmax) of a microorganism can be accurately determined 
by identifying the wash-out point in a continuous-flow culture running at steady state 
throughout the cultivation. Therefore, in this experiment the maximum oxygen transfer 
capacity in the CosBios vessels must be increased to a level covering the oxygen demand at 
all dilution rates.  As operational advantage of the CosBios, OTRmax can be adjusted by 
changing the shaking frequency.  Increasing shaking frequency from 275 1/min to 300 1/min 
leads to a reduction of the working volume to 20 ml. This provides a double effect in favor of 
increasing the capacity of oxygen transfer. If the OTRmax of 0.05 mol/l/h obtained at 300 
1/min in the CosBios via the sulphite method is multiplied with factor 1.11, it results in an 
OTRmax of 0.055 mol/l/h. The OTR-demand amounts to 0.055 at a dilution rate of 0.6 1/h. It 
means that the continuous-flow culture of C. glutamicum in the Cosbios with 10 g/l glucose as 
carbon source can be conducted at a shaking frequency of 300 1/min up to a dilution rate of 
0.6 1/h without oxygen limitation. Figure 6.11 shows the results demonstrating a steady-state 
profile throughout the continuous-flow cultivation of C. glutamicum. Therefore, the maximum 
specific growth rate (µmax) of C. glutamicum could be determined as 0.56 1/h under given 
cultivation conditions. A glucose-dependent biomass yield of ҮX/Glu could be accurately 
determined as being 0.47 g/g. The absence of lactate formation underlines the non-oxygen 
limited conditions for 10 g/l glucose concentration at a shaking frequency of 300 1/min. 
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Figure 6.11: Fermentation of C. glutamicum in the CosBios with a defined medium containing 10 g/l 
glucose as C-source (n = 275 1/min, VL = 20 ml, do = 50 mm, T = 30 °C, aeration rate = 2 vvm). The OTR-
demand is represented with (▬) for oxygen unlimited conditions and with (---) for oxygen limited 
conditions. 
 
 
 
6.5.4.2   Comparative Study on Continuous-Flow Culture of C. glutamicum in CosBios   
               and 1-L Stirred Tank. 
 
In order to demonstrate the performance of the CoBios, continuous-flow cultivations of C. 
glutamicum and S. cerevisiae were carried out in the CosBios and in a conventional 1-L 
stirred tank reactor simultaneously. The results of the experiment with S. cerevisiae are 
represented in Chapter 6.5.4.4. Figure 6.12 shows the results of a parallel continuous-flow 
cultivation of C. glutamicum in defined medium containing 5 g/l lactate.  The substrate-
dependent biomass yield in both systems demonstrated similar values of ca. 0.43 g (biomass) 
/g (lactate). The CosBios reactors were washed out at a dilution rate of 0.42 1/h representing 
the maximum specific growth rate (µmax) of C. glutamicum, whereas it was washed out at 
about the dilution rate of 0.3 1/h in 1-L stirred tank reactor. The reason of higher µmax in the 
CosBios is not clear. Because the same phenomenon was not observed in the other 
comparative study on S. cerevisiae (Chapter 6.5.4.4), it was assumed that the higher µmax was  
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related to the biological behavior of C. glutamicum. A possible explanation can be linked to 
the influence of more mechanical stress in stirred tanks. However, it was not further 
investigated in this project.  
 
The experiment in the 1-L stirred tank was carried out for nine reading values of dilution rates 
with an interval of 0.05. 60 liters medium was consumed in 11 days. However, the same 
experiment was conducted with 10 liters of medium in 9 days for 24 reading values. The 
experimental records for a hypothetical continuous-flow experiment in the 1-L stirred tank for 
24 reading values like in CosBios were also calculated and were listed in Table 6.7. If it is 
desired to generate the same diagram with 24 set-points in the 1-L stirred tank, 212 liters 
medium and 26 days are required. 
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Figure 6.12:  Fermentation of C. glutamicum in the CosBios represented with open symbols (n = 275 
1/min, VL = 27 ml, do = 50 mm, aeration rate = 2 vvm, T = 30 °C, defined medium containing 5 g/l lactate 
as C-source) and in a conventional 1-L stirred tank fermenter represented with closed symbols (aeration 
rate = 1 vvm, stirring speed = 900 1/min). Continuous line (▬) represents the level of the substrate 
dependent biomass-yield at steady-state conditions and the concentration of lactate, whereas the dashed-
line (---) represents the wash-out points of each experiment. 
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Table 6.7:   Comparison of continuous-flow cultures of C. glutamicum carried out in the CosBios and in a 
conventional 1-L stirred tank fermenter. The last records of the conventional 1-L stirred tank are the 
calculated values to generate also 24 set points as obtained in the CosBios. 
 
 
Culture 
 
volume 
 
[L] 
 
# of parallel
 
bioreactors 
 
[-] 
 
Set-points
 
obtained 
 
[-] 
 
Total media 
 
consumption 
 
[L] 
 
Total duration 
 
of experiments 
 
[d] 
 
 
CosBios 
 
 
0.027 
 
 
6 
 
 
24 
 
 
10 
 
 
9 
 
 
Conventional 1-L 
stirred tank  
 
 
1 
 
1 
 
9 
 
60 
 
11 
 
Conventional 1-L 
stirred tank  
(to obtain also 24 
reading point as in 
the CosBios) 
 
 
1 
 
 
 
1 
 
 
 
24 
 
 
 
212 
 
 
 
26 
 
 
 
 
 
6.5.4.3   Examination of Oxygen Limitation in the Continuous-Flow Culture of  
              P. stipitis 
 
 
In addition to C. glutamicum, a continuous-flow cultivation of P. stipitis was also carried out 
in the CosBios to investigate the performance of the new culture system. As it is described in 
Chapter 4.5.3, P. stipitis is a Crabtree-negative yeast and carries out alcoholic fermentation 
under oxygen-limited conditions.  
 
The set-up of this experiment was designed such that another advantage of the CosBios could 
be demonstrated. As it is described in the technical characterization, six set-points of dilution 
rate can be obtained in a single operation depending on the rotation frequency of the substrate 
feeding pump. Increasing the rotation frequency in the following operations, the range of set 
points for the dilution rate can be broaden. This leads to new records between the first set 
points and fulfill the intervals between the data points. Actually, the first six points, for 
example; 0.10; 0.12; 0.15; 0.18; 0.21 and 0.24 at a rotation frequency of 0.34 1/min (as listed 
in Table 6.3), are enough to get a rough information about a biological system and it takes just  
three days. According to the first results, the operational and chemical conditions of the 
system can be changed in order to optimize the culture condition. If needed, a new feed stock  
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with different concentration of any test component can be prepared in a single day where the 
system is consuming just only 1 liter medium and can be replaced with starting feed stock.  
This makes, especially without a-priori information on the growth parameters, easier to 
investigate the influence of the concentration of any components on the culture in a single 
operation.  
 
In this study, the continuous-flow culture of P. stipitis has been conducted at first with high 
concentration of glucose (30g/l) in the feed stock. After 5 retention times and a rotation 
frequency of the feeding pump of 0.34 1/min, samples from each reactor were harvested and 
analyzed at once to determine the biomass and glucose concentrations, as well as the ethanol 
formation. As shown in Figure 6.13A, the glucose-dependent biomass yield (YX/Glu) in the 
samples indicated a variation in the range from 0.33 to 0.19 g/g. The determination of ethanol 
in 4 reactors pointed also out to the oxygen limitation. Without interrupting the culture 
system, a new feed stock containing 15 g/l glucose was prepared and replaced the current 
stock containing 30 g/l glucose. The system was operated for the next 5 retention times at the 
same frequency of the feeding pump (Figure 6.13B). Similar biomass yields (YX/Glu) in the 
first 4 reactors were obtained as 0.43 g/g, whereas the decrease in YX/Glu, as well as the small 
amount of ethanol formation, was determined in the 2 reactors running at higher dilution 
rates. After analysis of the samples, the rotation frequency of the feeding pump was increased 
to 0.56 1/min (R5%) in order to enlarge the range of dilution rates. A significant variation in 
the YX/Glu and ethanol concentration in 4 reactors running at the highest dilution rates was 
determined. In the following step, the operation was continued at the same rotation frequency 
of the feeding pump (0.56 1/min) by replacing the feed stock with a glucose concentration of 
5 g/L (Figure 6.13C). In all reactors, the YX/Glu was obtained as 0.46 g/g. This experiment was 
completed by running at a rotation frequency of the feeding pump of 0.78 1/min (R7%). To 
give a clear overview to this experiment, the overall operational characteristics of this 
experiment was listed in Table 6.8.  
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Table 6.8: Operational characteristics of continuous-flow culture of P. stipitis in CosBios. 
 
 
 
dilution rates [1/h] 
in reactor no 
 
 
cultivation 
time 
[day] 
 
 
glucose 
(feeding) 
[g/l] 
 
 
rot. frequency 
(feeding pump) 
[1/min] 
  
1 
 
 
2 
 
 
3 
 
 
4 
 
 
5 
 
 
6 
 
 
(A) 
 
 
1-3 
 
 
30 
 
 
0.34 
 
 
0.10 
 
 
0.12 
 
 
0.15 
 
 
0.18 
 
 
0.21 
 
 
0.24 
 
 
(B) 
 
 
3-6 
 
 
15 
 
 
0.34 
 
 
0.10 
 
 
0.12 
 
 
0.15 
 
 
0.18 
 
 
0.21 
 
 
0.24 
 
 
(B) 
 
 
6-9 
 
 
 
15 
 
 
0.56 
 
 
0.16 
 
 
0.20 
 
 
0.26 
 
 
0.30 
 
 
0.34 
 
 
0.40 
 
 
(C) 
 
 
9-12 
 
 
 
5 
 
 
0.56 
 
 
0.16 
 
 
0.20 
 
 
0.26 
 
 
0.30 
 
 
0.34 
 
 
0.40 
 
 
(C) 
 
 
12-15 
 
 
5 
 
 
0.78 
 
 
0.23 
 
 
0.28 
 
 
0.36 
 
 
0.42 
 
 
0.48 
 
 
0.56 
 
 
 
 
 
Figure 6.13:  Fermentation of P. stipitis in the CosBios with the variation of glucose concentration in the 
feeding stock; (A) with 30 g/l glucose in the feed stock and at rotation frequency of the feeding pump of 
0.34 1/min, (B); with 15 g/l glucose  at 0.34 and 0.56 1/min, (C); with 5 g/l glucose at 0.56 and 0.80 1/min.  
(n = 275 1/min, VL = 27 ml, do = 50 mm, aeration rate = 2 vvm, T = 30 °C). The sketch above the diagram 
is indicating the dilution rates corresponding to the rotation frequency of the feeding pump. Oxygen 
transfer rate (OTR) – demand was represented by a continuous line (▬) for oxygen unlimited conditions 
and by dashed lines  (---) for oxygen limited condition. 
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As a result, a complete X-D diagram of a continuous-flow culture of P. stipitis was created 
without any oxygen limitation. The maximum specific growth rate µmax of P. stipitis was 
determined in continuous-flow culture to be 0.36 1/h and a glucose-dependent biomass yield 
of 0.46 g/g was obtained. The experiment is carried out in 15 days with consumption of 10 
liters medium. Similar to the procedure for C. glutamicum, the oxygen transfer rates required 
at each dilution rate were calculated according to the Eq 6.1 and demonstrated in Figure 6.13 
with continuous line (▬) for oxygen unlimited condition and with dashed lines (---) for 
oxygen limited condition. The oxygen consumption of P. stipitis per mol glucose for this 
equation was also determined as YOxy/Glu = 3.81 mol/mol using the RAMOS system (Figure 
6.14). 
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Figure 6.14: Online measurement of oxygen transfer rate with RAMOS of a culture of P. stipitis (n = 275 
1/min, do = 50 mm, T = 30 °C.) with variation of the glucose concentration (20 and 30 g/l) in 20 ml filling 
volume.  
 
 
 
 
6.5.4.4   Comparative Study on Continuous-Flow Culture of S. cerevisiae in the CosBios  
               and a 1-L Stirred Tank; Effect of Oxygen Limitation on  S. cerevisiae 
 
The availability of glucose has a strong influence on the respiration of the Crabtree-positive 
yeast S. cerevisiae, in contrast to the Crabtree-negative yeast P. stipitis, responding only to the 
oxygen availability rather than to glucose concentration. This phenomenon known as 
                                   Chapter 6.   Improved Continuous Parallel Shaken Bioreactor System 
   
114
Crabtree-effect is characterized in a continuous culture of S. cerevisiae by a critical dilution 
rate above which ethanol formation occurs, while the biomass yield decreases (Fiechter et al. 
1983, 1994). In this study, S. cerevisiae was cultivated in simple complex medium with 
variation of the glucose concentration; (a) 5 g/l glucose to investigate the regulation of 
respiratory and fermentative metabolism depending on dilution rate in the improved Cosbios, 
and (b) 10 g/l glucose to examine the continuous-flow culture of S. cerevisiae under oxygen 
limitation. All experiments were carried out in the CosBios and in the 1-L stirred tank 
fermenter simultaneously to compare the results. 
 
Figure 6.15 shows the results of continuous cultivations in simple complex medium 
containing 5 g/l glucose. The biomass yield drops from 0.48 g/g to 0.2 g/g at dilution rates D 
> 0.26 1/h. This correlates with the formation of up to 1.3 g/l ethanol at D = 0.4 1/h. The 
demonstration of the Crabtree-effect was accomplished in the CosBios more accurately by 
obtaining more set-points. Smaller intervals between the set-points in the range of dilution 
rate where the Crabtree-effect emerges were chosen. The results showed a behavior similar to 
that of the conventional 1-L stirred tank and support that the new culture technique accurately 
mimicked the conventional 1-L bioreactor. Simultaneous operation of 6 bioreactors clearly 
shortens the total duration of experiments to create a X-D diagram like Figure 6.15. Just 9 
days were required to create an X-D diagram of 24 dilution rates, consuming only 10 liter of 
medium, whereas 14 days were required to generate a similar diagram of only 12 dilution 
rates, consuming over 80 liters medium in the conventional 1-L stirred tank fermenter. If it is 
desired to generate the same diagram with 24 set-points in a 1-L stirred tank, 212 liters 
medium and 26 days are required. These records are listed in Table 6.9 and also compared 
with the records obtained for the first prototype (CosBios-I) (Table 5.5). The number of 16 set 
points obtained with the first prototype in 12 days was increased to 24 points shortening the 
total cultivation duration to 9 days. 
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Figure 6.15:  Fermentation of S. cerevisiae in the CosBios represented with open symbols (n = 275 1/min, 
VL = 27 ml, do = 50 mm, aeration rate = 2 vvm, T = 30 °C, simple complex medium with 5 g/l glucose 
(Chapter 6.4.2)) and in a conventional 1-L stirred tank fermenter represented with closed symbols 
(aeration rate = 1 vvm, stirring speed = 900 1/min).  
 
 
 
Table 6.9:   Comparison of continuous-flow cultures of S. cerevisiae carried out in a conventional 1-L 
stirred tank fermenter, CosBios-I and CosBios. The last records of the conventional 1-L stirred tank are the 
calculated values to obtain 24 set points. 
 
 
Culture 
 
volume 
 
[L] 
 
# of parallel
 
bioreactors 
 
[-] 
 
Set-points
 
obtained 
 
[-] 
 
Total media 
 
consumption 
 
[L] 
 
Total duration 
 
of experiments 
 
[d] 
 
 
Conventional 1-L 
stirred tank  
 
 
1 
 
1 
 
12 
 
80 
 
14 
 
CosBios-I 
 
 
0.03 – 0.04 
 
 
4 
 
 
16 
 
 
9 
 
 
12 
 
 
CosBios 
 
 
0.027 
 
 
6 
 
 
24 
 
 
10 
 
 
9 
 
 
Conventional 1-L 
stirred tank  
(to obtain the same # 
of reading point like 
in the CosBios) 
 
 
1 
 
 
 
1 
 
 
 
24 
 
 
 
212 
 
 
 
26 
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A further continuous-flow culture experiment of S. cerevisiae was performed by feeding the 
culture with 10 g/l glucose (Figure 6.16). The fermentation in CosBios differs from that in the 
1-L stirred tank. Due to enough oxygenation in 1-L stirred tank, the X-D diagram was 
generated as expected. The yield on biomass 0.5 g/g was obtained in steady state up to a 
critical dilution of 0.3 1/h. At higher dilution rates, a decline in biomass yield and the 
formation of ethanol was determined. At dilution rates, D ≥ 0.35 1/h glucose concentration 
starts to rise and consequently biomass and ethanol concentration decreased. However, 
different results were obtained in the CosBios. At first, the biomass concentration was varying 
in the range from 4.8 g/l to 3.4 g/l in which a steady-state was expected. It is also detected that 
glucose couldn’t be consumed completely. Furthermore, in this stage ethanol formation was 
obtained. No significant differences were observed regarding the yield of biomass per glucose 
consumed. It may be concluded that in this stage the oxygen transfer rate in the CosBios was 
not enough to compensate the oxygen demand of the culture and the decline in biomass is 
directly related to the amount of oxygen supplied and the growth rate of S. cerevisiae was 
determined by oxygen supply, up to that the glucose concentration reaches a level switching 
on the oxido-reductive fermentation. The transition from one metabolism to another one can 
be more accurately defined in the CosBios. The reasons of the metabolic activities were not 
investigated in the frame of this study which only tried to demonstrate the technical and 
biological characterization of the new culture system.  
 
Figure 6.16:  Fermentation of S. cerevisiae in the CosBios represented with open symbols (n = 275 1/min, 
VL = 27 ml, do = 50 mm, aeration rate = 2 vvm, T = 30 °C, simple complex medium with 10 g/l glucose 
(Chapter 6.4.2)) and in a conventional 1-L stirred tank fermenter represented with closed symbols 
(aeration rate = 1 vvm, stirring speed = 900 1/min).  
 
 
7 
 
 
Summary and 
Overall Conclusions 
 
 
 
 
 
This research work illustrated the development of a novel continuous-flow culture system in 
four directions strictly interacting with each other: further development of the concept, 
construction, characterization, and establishment of an optimized guidance for a standard 
operation with this system.  
 
It was the practical interest of this work to combine the operational attractiveness and 
widespread usage of shaking technology in small scale with the advantages of continuous-
flow cultivation of microorganisms in a new bioreactor system. Providing a great spin-off to 
perform continuous fermentation experiments in a cost- and time saving manner, this novel 
continuous-flow parallel shaken bioreactor system in small scale (CosBios) contribute to the 
investigation of the microbial growth kinetics and the significance of physicochemical 
conditions of the culture broth in which the microorganisms are growing.  
 
The construction of the CosBios is based on the first prototype introduced by Büchs et al. 
(1999). The reactor vessels modified from 250-ml Erlenmeyer flasks manufactured from 
borosilicate glass established a variation in the height and the geometry of outlets melted on 
the side face of the flask for overflow. This led to variations in working volume of parallel 
shaken vessels and was not desirable. This prototype was improved considering the 
geometrical reproducibility of the reactor vessel. The improved form of the reactor vessels 
was manufactured out of quartz glass providing small index of thermal expansion. That 
ensured a geometric accuracy of < 1 mm in the positioning of the outlets. Therefore, the 
working volume affected by geometrical characteristic of the vessel as well as the shaking 
parameters and playing a decisive role for the determination of the dilution rate (D) was 
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constant in all parallel shaken reactors on a single shaker. Using PEEK (Poly-ether-ether-
ketene) for the connectors, instead of polypropylene, the thermal resistance of the system was 
supported against material deformation encountered in heat sterilization and in long term 
applications. Also, the mechanical stress in the reactor particularly in the reactor cylinders 
clamped between metal base and cover was leading to breakage of the reactor cylinders in the 
autoclave. This problem was prevented with an improved design. Finally, the current system 
of 6-reactor vessels including all fittings and tube connections can be autoclaved without any 
material deformation for 20 min at 121°C and 1.2 bars. A multi-channel peristaltic pump, 
model IPC-N (Ismatec Laboratoriumstechnik GmbH) was incorporated into the system in 
order to increase the range and the accuracy of the substrate feeding rate. It offers a rotation 
frequency of 0.11 – 11.25 [1/min], and respectively a range of feeding rates of 0.0004 - 11 
ml/min. Therefore, set points for the dilution rates with small interval were ensured. Because 
of the small scale and the simple handling it is possible to operate six shaken bioreactors on a 
single orbital shaker simultaneously. Depending on the combination of inner diameter of 
feeding hose, the rotation frequency of the feeding pump, and the shaking diameter and 
shaking frequencies of the system shaker, the CosBios offers a broaden range of set points for 
the dilution rates in parallel shaken vessels as illustrated in Figure 7.1. This is especially 
attractive for rapid generation of an X-D diagram. It offers also the possibility to compare 
several reading points, but in different vessels and at different fermentation times as control 
values. 
 
 
 
Figure 7.1:   Dilution rates obtained in the reactor vessels of the CosBios corresponding to the inner hose 
diameter and the rotation rate of the feeding pump. 
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The uniformity and the steadiness of the liquid flow through the culture system, the influence 
of the aeration rate, substrate feed rate, shaking frequency, and shaking diameter on the filling 
volume were examined to characterize the bioreactors, as well as the centrifugal acceleration 
and the oxygen transfer rate (OTR) in the reactor vessels of the CosBios. The optimal 
operational conditions were determined as follows  
 
i) for cultivation 
• the shaking frequency (n) ≥ 275 1/min  
• the shaking diameter (do) of 50 mm  
• aeration rate of 2 vvm  
• working volume of 27 ml  
 
 
ii) for sampling 
• the shaking frequency (n) ≥ 300 1/min  
• resulting working volume of 20 ml 
• 7 ml sample 
 
 
The maximum oxygen transfer capacity (OTRmax) in the improved reactors fabricated in 
cylindrical form was investigated by using the sulphite oxidation method and the results were 
compared with that of conventional 250-mL Erlenmeyer flask to determine to what extent the 
OTRmax is affected by the geometry of the culture vessels. The results led to the conclusion 
that the OTRmax is substantially higher in cylindrical vessels than in Erlenmeyer flasks (1.6 
fold higher OTR at a shaking frequency of 275 1/min and shaking diameter of 50 mm). 
 
The results of the biological experiments showed that this technique can be used to carry out 
continuous-flow fermentations in a cost- and time-saving manner (Table 6.7, 6.9) and to 
create X-D diagram more accurately in comparison to continuous culture in conventional 1-L 
stirred tank reactors. The medium cost can dramatically be reduced by using the presented 
system, if media with expensive compounds such as inducers, specific precursors, or 
radioactively labeled substrate are employed. Comparative studies on C. glutamicum and S. 
cerevisiae has also shown that this new reactor system accurately mimicked the conventional 
1-L bioreactor. Simultaneous operation of 6 shaken bioreactors system clearly  
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shortens the total duration of experiments to 9 days and the total medium consumption to 10 
liters in order to create a complete X-D diagram with 24 reading points, while 212 liters 
medium were needed in 26 days to generate the same diagram by a conventional 1-L 
bioreactor. Many more reading points obtained from parallel operated shaken reactors in a 
short time and small intervals between dilution rates. This especially provides accurate 
monitoring of cultures exhibiting transition between the metabolic regimes, as a Crabtree-
effect in yeasts.  
 
The wall growths are mostly encountered starting from the second weeks of fermentation and 
demolishing the uniformity of a continuous culture broth in 1-L bioreactor.  Shortening the 
fermentation time to less than 9 days to create a standard X-D diagram in CosBios, wall 
growth was also obviated. Also the procedure for sampling i.e. increasing shaking frequency 
and respectively increase in the height of the rotating sickle of the culture broth, supported the 
prevention of wall-growth by washing the vessel wall every 3 days of sampling.  
 
In the experiments carried out with C. glutamicum, it was demonstrated that the capacity of 
oxygen transfer rate in the CosBios can be increased by increasing the shaking frequency, 
which results in a decrease of the working volume and raise in OTR of the culture broth. 
Another advantage of the CosBios was also demonstrated in the continuous-flow experiments 
with P. stipitis. Without prior information on the growth parameters, CosBios is very useful to 
generate fast a standard X-D diagram and to determine a specific growth rate of any strain.  
 
In order to conduct a successful continuous-flow culture of any strains in the CosBios, the 
following nine modes of operation must be considered and successively applied. 
 
i) Check oft the reactor perpendicularity:
After setting up of the CosBios (Chapter 6.2), it must be checked that the shaker plate is 
horizontal and the bioreactors, particularly the reactor cylinders, are in perpendicular position. 
Otherwise, significant fluctuations in the working volumes of the reactors will be inevitable 
and the performance of the system will be influenced negatively.  
 
ii) Calibration of aeration rate: The rate of air flow must be adjusted to 2 vvm (ca. 45 
mL/min) and ensured that the air delivered to the vessels is humidified. 
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iii) Prevention of the wetting of the cotton in the air inlet: Before placing into an autoclave, 
the air inlets of the reactors must be enwrapped with aluminum foil in order to prevent the 
wetting of the cotton in the head. Otherwise, it can bring about the stopping of the air flow, as 
well as a contamination of the culture.   
 
iv) Activation: Activation of microorganisms on agar plates. 
 
v) Pre-culture: Metabolic adaptation to liquid environment. 
 
vi) Inocula: Preparation of stock solutions for the uniform inoculation of each parallel shaken 
reactor.  
 
vii) Growth in batch modes: To have a desired amount of biomass. 
 
viii) Continuous-flow operation: Switching from batch to continuous-flow cultivation. 
 
ix) Sampling and analytics: Sampling by increasing the shaking frequency for a short time. 
  
The current CosBios with absolute geometric reproducibility and material stability was 
developed. A standard procedure for operation was established to conduct continuous-flow 
fermentation in a short time with many reading points. Therefore, it is conceivable that future 
works will follow two parallel goals. First one will aim at deeper applications of CosBios with 
further biological systems, which give more information, for example about the capacity of 
oxygen transfer rate, for the further improvement of reactor buildup. The results showed that 
the CosBios offering the parallel application of 6 reactors can also be used to assess the 
presence or absence and the quantity of influences on the cultures in steady state. This could 
be useful to investigate the stability and behavior of genetically modified microorganisms, 
respectively the analysis of their metabolic fluxes, along the generations. In addition, the 
different strains (recombinant clones) or different media can be compared in parallel vessels 
at equivalent conditions (same dilution rates in all vessels). Specific requirements for growth 
and product formation can be determined by adding or eliminating chemical components 
systematically from the formulation. This culture system could also be applied for 
evolutionary selection procedures of strains. On the other hand, the second goal is the upgrade 
of the CosBios with on-line or additional off-line measurements, e.g., exhausted gas analytics 
and continuous fiber optic pH, DO2, or OD measurements.  
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Nomenclature
   
Roman Symbols  
   
Symbol Explanation Unit 
   
A  exchange surface  [m2] 
0
A  original area of object [m2] 
a  specific mass transfer area  [m2 /l] 
I
C  gas concentration at liquid-side interface [mol/l] 
S
C  substrate concentration in feeding [mol/l] 
L
C  dissolved oxygen concentration [mol/l] 
*
L
C  gas concentration in liquid at equilibrium [mol/l] 
32SONa
C  sodium sulfite concentration  [mol/l] 
LOC ,2  dissolved oxygen concentration in liquid [mol/l] 
∗
LOC ,2  oxygen concentration in liquid at equilibrium  
[mol/l] 
D  dilution rate [1/h] 
Dcrit critical dilution rate [1/h] 
GD  diffusion coefficient of gaseous component in 
liquid phase 
 
[m2/h] 
d  maximum inner diameter of flask [m] 
od  shaking diameter (Orbital Shaker) [m] 
od  shaking diameter (Orbital Shaker) [mm] 
F  acceleration force induced on a rotating mass 
 
[N] 
F substrate flow rate [ml/h] 
F1   acceleration force induced on a rotating mass by 
heavy spot 
 
[N] 
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Symbol Explanation Unit 
   
F2 acceleration force induced on a rotating mass by 
counterweight 
 
[N] 
Fr  froude Number [-] 
aFr  axial  froude number   [-] 
g  gravitational acceleration [m/s2] 
'H  henry’s law constant based on molar 
concentration 
 
[bar.l/mol)] 
He  henry Coefficient [-] 
Lh  liquid height [cm] 
hout height of outlet [mm] 
2O
K  saturation constant for oxygen [mol/l] 
PK  product saturation constant [g/l] 
sK  substrate saturation constant  [g/l] 
Lk  gas-liquid mass transfer coefficient [m/h] 
Gk  gas-liquid mass transfer coefficient for gas-side 
layer 
 
[m/h] 
akL  volumetric oxygen transfer coefficient [1/h] 
0
L  original length of object [m] 
GL  solubility of gas in liquid [mol/l/bar] 
2O
L  solubility of oxygen in liquid  [mol/l/bar] 
MW  molecular weight [-] 
m  flow behavior index [-] 
m  mass [kg] 
m  maintenance rate  [1/h] 
2m  counterweight [kg] 
N  shaker speed [1/min] 
Ne  power Number [-] 
´Ne  newton Number modified for shaken liquid 
 
[-] 
n  shaking frequency in orbital shaker  [1/min] 
Nomenclature 
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Symbol Explanation Unit 
   
OTR  oxygen transfer rate [mol/l/h] 
demand
OTR  oxygen transfer rate required at a dilution rate 
 
[mol/l/h] 
maxOTR  maximum oxygen transfer capacity [mol/l/h] 
maxOTR  overall maximum oxygen trasnfer capacity 
 
[mol/l/h] 
FOTRmax  maximum oxygen trasnfer capacity of liquid-film  
[mol/l/h] 
BOTRmax  maximum oxygen trasnfer capacity of liquid-bulk  
[mol/l/h] 
OUR  oxygen uptake rate [mol/l/h] 
P  concentration of products [g/l] 
P  power [W] 
Gp  gas partial pressure in gas-phase [bar] 
Gp  gas partial pressure in gas-phase [bar] 
Ph  phase number [-] 
I
P  gas partial pressure in gas-side interface [bar] 
Lp  gas partial pressure in liquid-phase  [bar] 
Gop ,2  oxygen partial pressure in gas-phase [bar] 
LOp ,2  oxygen partial pressure in liquid-phase [bar] 
Pq  specific rate of product formation [g(P)/(g(X)/h] 
maxP
q  maximum specific rate of product formation [g(P)/(g(X)/h] 
r  distance of heavy spots to rotating axis [m] 
eR  reynolds Number [-] 
eR  flask Reynolds Number [-] 
Recrit critical Reynolds Number [-] 
feR  liquid film Reynolds Number [-] 
Rpump rotation frequency of feeding pump [1/min] 
S  substrate concentration  [g/l] 
0
S  substrate concentration in feed stock [g/l] 
s  rate of surface renewal [1/s] 
  Nomenclature 
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Symbol Explanation Unit 
   
T temperature [°C] 
t  contact time [h] 
t  time [h] 
r
t  reaction time for the complete oxidation [h] 
TR  rate of mass transfer  [mol/l/h] 
o
V  flask nominal volume [l] 
o
V  original volume of object [m3] 
LV  filling volume [m
3] 
LV  filling volume of flask [ml] 
X  biomass concentration [g/l] 
SXY  yield coefficient [g(X)/g(S)] 
2OX
Y  yield coefficient  [g(X)/mol(O2)] 
SubstrateOxygen
Y
/
 oxygen consumption per mol substrate [mol/mol] 
XPY  yield coefficient  [g(P)/g(X)] 
SPY  yield coefficient  [g(P)/g(S)] 
YX/Glu biomass yield yield coefficient [g(X)/g(Glu)] 
  
  
Greek Symbols  
   
Symbol Explanation Unit 
   
AΔ  area change [m2] 
LΔ  length change [m] 
TΔ  temperature change  [°K] 
VΔ  volume change [m3] 
Øi inner diameter of hose [mm] 
γ  shear rate [1/s] 
η  viscosity of liquid [Pa.s] 
Nomenclature 
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κ  flow behavior index [Pa.sm] 
Symbol Explanation Unit 
   
μ  specific growth rate [1/h] 
maxμ  maximum specific growth rate [1/h] 
ρ  liquid density [kg/m3] 
Lδ  film thickness  of liquid-side layer [m] 
τ  shear stress [N/m2] 
ω  angular velocity [1/s] 
1ω  angular velocity around eccentric axis [1/s] 
2ω  angular velocity around flask axis [1/s] 
ψ  residence time distribution [1/s] 
  
  
Abbreviations  
   
Symbol Explanation 
  
CosBios continuous-flow parallel shaken bioreactor system 
CosBios-I first prototype of CosBios 
CSTR continuous-flow stirred tank reactor 
CPFR continuous plug flow reactor 
BDB bubble driven bioreactors 
CBR continuous-flow bed reactors 
FBR fluidized bed bioreactors 
IPC multi-channel peristaltic pump model IPC (ISMATEC GmbH)  
IPC-N multi-channel peristaltic pump model IPC-N (ISMATEC GmbH)  
PEEK poly-ether-ether-ketene 
PBR packed bed bioreactors 
RAMOS respiratory activity monitoring system 
 
  Nomenclature 
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Appendix 1:    Modification of macro-model described by Büchs et al. for the liquid 
distribution in shaken flask. (Case 111 for CosBios, Case 250 for 250 ml Erlenmeyer flask) 
 
 
 
 
Case 111    ' CosBios 
    rk  =    4.25:  Rem max. Kolbenradius [cm] 
     rt    =    0:   Rem Radius Kolbenrand  =  Höhe des Kegelansatzes [cm] 
     mko   =    1999:  Rem Steigung des Kegels [-] 
     reagenzglas = True 
 
Case 250    ' 250 ml Kolben, enghals 
     rk  =    4.25:  Rem max. Kolbenradius [cm] 
     rt  =    1.5:  Rem Radius Kolbenrand  =  Höhe des Kegelansatzes [cm] 
     mko  =    3.45:  Rem Steigung des Kegels [-] 
     wand  =    0.185:  Rem Wandstärke [cm] 
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Appendix 2:    Calculation of the total duration and the total media consumed in the 
biological experiments of S. cerevisiae in CosBios-I   (Chapter 5.3.2)      
 
 
Reactor D VL F VL/F Retention # Media consumed
no [h-1] [mL]  [mL/h] [h] [-] [day] [L]
3 0.16 34 5.44 6.25 10 3 (R3%) 0.34
2 0.16 31 4.96 6.25 8 3 (R5%) 0.25
1 0.17 40 6.80 5.88 8 (R5%) 0.32
4 0.22 37 8.14 4.55 10 (R5%) 0.37
2 0.22 31 6.82 4.55 11 2 (R7%) 0.33
1 0.25 40 10.00 4.00 12 (R7%) 0.48
3 0.26 34 8.84 3.85 12 (R5%) 0.41
2 0.30 31 9.30 3.33 14 2 (R9%) 0.45
4 0.30 37 11.10 3.33 14 (R7%) 0.53
1 0.32 40 12.80 3.13 15 (R9%) 0.61
3 0.37 34 12.58 2.70 18 (R7%) 0.60
4 0.38 37 14.06 2.63 18 (R9%) 0.67
1 0.40 31 12.40 2.50 18 2 (R12%) 0.56
2 0.40 40 16.00 2.50 18 (R12%) 0.72
3 0.47 34 15.98 2.13 23 (R9%) 0.77
4 0.51 37 18.87 1.96 24 (R12%) 0.91
3 0.63 34 21.42 1.59 30 (R12%) 1.03
9.3412
Cultivation Duration
 
 
 
Reading point from the flasks 1, 2, and 3 at the rotation frequency of feedin pump for R3% 
were not considered, due to the fluctuations. 
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Appendix 3:    Calculation of the total duration and the total media consumed in the 
biological experiments of S. cerevisiae in 1-L Stirred Tank Reactor   (Chapter 5.3.2)      
 
D VL F VL/F Retention # Time Cultivation Duration Media consumed
[h-1] [mL]  [mL/h] [h] [-] [h] [day] [L]
0.15 900 135 6.67 5 33.3 2 6.48
0.16 900 144 6.25 5 31.3 2 6.91
0.16 900 144 6.25 5 31.3 2 7.34
0.17 900 153 5.88 5 29.4 2 7.34
0.20 900 180 5.00 5 25.0 2 8.64
0.22 900 198 4.55 5 22.7 1 4.54
0.22 900 198 4.55 5 22.7 1 5.18
0.25 900 225 4.00 5 20.0 1 5.18
0.25 900 225 4.00 5 20.0 1 5.40
0.26 900 234 3.85 5 19.2 1 5.62
0.30 900 270 3.33 5 16.7 1 6.48
0.30 900 270 3.33 5 16.7 1 6.70
0.30 900 270 3.33 5 16.7 1 6.48
0.32 900 288 3.13 5 15.6 1 6.70
0.35 900 315 2.86 5 14.3 1 7.56
0.37 900 333 2.70 5 13.5 1 7.99
0.38 900 342 2.63 5 13.2 1 8.64
0.40 900 360 2.50 5 12.5 1 8.64
0.40 900 360 2.50 5 12.5 1 8.21
0.40 900 360 2.50 5 12.5 1 8.64
0.45 900 405 2.22 5 11.1 1 9.72
0.47 900 423 2.13 5 10.6 1 10.15
0.50 900 450 2.00 5 10.0 1 10.80
0.51 900 459 1.96 5 9.8 1 11.02
0.55 900 498 1.81 5 9.0 1 11.94
0.60 900 539 1.67 5 8.3 1 12.94
0.63 900 567 1.59 5 7.9 1 13.61
0.65 900 584 1.54 5 7.7 1 14.02
33 216
 
 
Due to contamination, experiment was stopped and with extra 100 L medium for the further 
dilutions point run again. Therefore the total medium consumed was 316 L. 
 
  Appendix 
   
150
 
 
 
 
Appendix 4:   Determination of flow steadiness in CosBios at R3 % = 0.34 1/min 
0
5
10
15
20
25
30
35
0 1 2 3 4 5 6
zeit [h]
(4)
(3)
(2)
(1)
w
ei
gh
t o
f h
ar
ve
st
 [g
]
rotation frequency
of pump (IPC-N)
0.34 [rpm]
 
  (Medium; simple complex medium (5 g/l Glu) used for S. cerevisiae 
  aeration rate = 2 vvm , n = 275 1/min, do = 50 mm) 
 
 
 
 
 
Dilution rates 
 
at R3 % = 0.34 1/min 
 
 
 
 
 
Flask No 
 
 
 
 
 
Өi,hoses  [mm] 
 
 
Set rate 
 
 
Measured rate 
 
 
 
 
 
Deviation (%) 
 
 
1 
 
 
1.02 
 
 
0.10 
 
 
0.09 
 
 
- 10 
 
 
2 
 
 
1.30 
 
 
0.15 
 
 
0.16 
 
 
+ 3 
 
 
3 
 
 
1.52 
 
 
0.21 
 
 
0.19 
 
 
- 6 
 
 
4 
 
 
1.65 
 
 
0.24 
 
 
0.26 
 
 
+ 8 
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Apendix 5:   Determination of flow steadiness in CosBios at R7 % = 0.78 1/min 
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(4)
(3)
(2)
(1)
rotation frequency
of pump (IPC-N)
0.78 [rpm]
 
  (Medium; simple complex medium (5 g/l Glu) used for S. cerevisiae 
  aeration rate = 2 vvm , n = 275 1/min, do = 50 mm) 
 
 
 
 
Dilution rates 
 
at R5 % = 0.78 1/min 
 
 
 
 
 
Flask No 
 
 
 
 
 
Өi,hoses  [mm] 
 
 
Set rate 
 
 
Measured rate 
 
 
 
 
 
Deviation (%) 
 
 
1 
 
 
1.02 
 
 
0.23 
 
 
0.22 
 
 
- 4 
 
 
2 
 
 
1.30 
 
 
0.36 
 
 
0.37 
 
 
+ 3 
 
 
3 
 
 
1.52 
 
 
0.48 
 
 
0.49 
 
 
+ 2 
 
 
4 
 
 
1.65 
 
 
0.56 
 
 
0.57 
 
 
+ 2 
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Appendix 6:    Components used in the Set-up of CosBios  
 
 
 
Component 
 
 
Material/objec
 
Catalogue 
 
 
Description 
 
 
Reference 
 
Hose Tygon R3603 Ismatec Øi = 3.2 mm 1 
Hose Silicon-peroxide Ismatec Øi = 1 mm 2 
Hose Pharmed Ismatec Table 6.1 3 
Hose Silicon-peroxide Ismatec Øi = 2.6 mm 4 
Hose Silicon-peroxide Ismatec Øi = 4 mm 5 
Hose Silicon-peroxide Ismatec Øi = 6 mm 6 
Y-connecter Poly- propylene Merck Øi  = 4 mm i 
Y-connecter Poly- propylene Merck Øi  = 2.6 mm ii 
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Component 
 
 
Material/object
 
 
Catalogue 
 
 
Description 
 
 
Reference 
 
Connecter Poly- propylene Merck Øi = 2.5 / 4 mm iii 
Connecter Poly- propylene Merck Øi = 1.6 / 2.3 mm iv 
Connecter Poly- propylene Merck Øi = 3-6 / 7-11 mm v 
 
Flow 
controller 
Brooks 
instruments 
max 
150 mL/min A 
 
Humidifier 
bottle Merck 500 mL B 
 
Condenser 
bottle Schott 250 mL 
(not shown) 
between B and C
 
Reactor   C (Appendix XX) 
 
Orbital 
shaker 
Adolf Kühner 
AG LS-W F 
 
multi-channel 
peristaltic pump 
Ismatec 
GmbH 
Rotation rate 
0.11-11.25 
1/min 
I 
 
 
Substrare 
bottle 
Own product 
with outlet on 
the bottom 
5 and 10 L E 
 
Harvest 
bottle Schott 2 L G 
 
Balance Scaltec SBC 0.5 – 3200 g H 
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Appendix 7: Detailed Drawing of CosBios 
 
 
 
 
 
 
 
 
Component number and name 
 
 
0 
 
 
CosBios reactor (x1) 
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Appendix 7.1 
 
 
 
 
Component number and name 
 
 
1 
 
 
Base (x1) 
 
 
Material 
 
 
Stainless steel 
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Appendix 7.2 
 
 
 
 
Component number and name 
 
 
2 
 
 
Reactor cylinder (x1) 
 
 
Material 
 
 
Quartz glass 
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Appendix 7.3 
 
 
 
 
Component number and name 
 
 
3 
 
 
Lathed rod (x3) 
 
 
Material 
 
 
Stainless steel 
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Appendix 7.4 
 
 
 
 
 
Component number and name 
 
 
4 
 
 
Cover ring (x1) 
 
 
Material 
 
 
Stainless steel 
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Appendix 7.5 
 
 
 
 
 
Component number and name 
 
 
5 
 
 
Sealing ring (x2) 
 
 
Material 
 
 
Silicone 
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Appendix 7.6 
 
 
 
 
 
Component number and name 
 
 
6 
 
 
Connector (x1) 
 
 
Material 
 
 
PEEK 
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Appendix 7.7 
 
 
 
 
 
Component number and name 
 
 
7 
 
 
Glass cover (x1) 
 
 
Material 
 
 
Borosilicate glass 
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Appendix 7.8 
 
 
 
 
 
Component number and name 
 
 
8 
 
 
Base holder (x1) 
 
 
Material 
 
 
Aluminum (AL Mg 4, 5 Mn) 
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Appendix 7.9 
 
 
 
 
Component number and name 
 
 
-- 
 
 
Steel spring(x1) 
 
 
Material 
 
 
Steel 
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Appendix 7.10 
 
 
 
 
Component number and name 
 
 
-- 
 
 
Pin (x3) 
 
 
Material 
 
 
Stainless steel 
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Appendix 8:   Detailed Drawing of reactor cover 
 
 
 
 
 
 
 
 
Component number and name 
 
 
0 
 
 
Cover 
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Appendix 8.1 
 
 
 
 
Component number and name 
 
 
1 
 
 
Air connector A (x1) 
 
 
Material 
 
 
Stainless steel 
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Appendix 8.2 
 
 
 
 
Component number and name 
 
 
2 
 
 
Air connector B (x1) 
 
 
Material 
 
 
PEEK 
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Appendix 8.3 
 
 
 
 
Component number and name 
 
 
3 
 
 
Air connector C (x1) 
 
Material 
 
 
Stainless steel 
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Appendix 8.4 
 
 
 
 
Component number and name 
 
 
4 
 
 
Feeding tube and cover plate (x1) 
 
Material 
 
 
Stainless steel 
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Appendix 9: CosBios in operation 
 
 
 
 
 
 
 
 
Component number and name 
 
 
0 
 
 
Cover 
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Appendix 10: CosBios in exhibition 
 
 
 
 
 
 
Component number and name 
 
 
1 
 
 
Air connector A (x1) 
 
 
Material 
 
 
Stainless steel 
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